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UD's-EYE  View  of  Mahbi.e  CaSon  fiiom  the  Vermilion  Cliffs,  near  the  Mouth  of  the 
Paria.  In  the  distance  the  Colorado  River  is  seen  to  turn  to  the  west,  wliere  its  gorge  divides 
the  Twin  Plateaus.  On  tlio  right  are  seen  the  Eaetem  Kaibab  Displacements  appearing  as 
folds,  and  farther  in  the  distance  as  faults. 
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Ix  this  new  edition  of  my  Elements  of  Geology,  while  the  form, 
and  largely  the  matter,  of  the  third  edition  are  retained,  the  changes 
necessitated  by  the  rapid  advance  of  geological  science  are  so  numer- 
ous and  important  as  to  require  a  complete  resetting  of  the  whole  work. 
I  have  striven,  however,  to  keep  the  work  within  the  limits  necessary 
for  a  text-book.  The  changes  have  been  partly  by  replacement,  partly 
by  modification  of  statement,  and  partly  by  addition  of  new  matter. 
Bat  while  more  than  sixty  new  figures  and  many  new  paragraphs  are 
introduced,  yet  the  actual  increase  in  the  number  of  figures  is  only 
twenty,  and  of  pages  twenty-five. 

The  most  important  additions  are  a  fuller  discussion  of  the  difficult 
subject  of  earthquakes,  in  the  light  of  the  recent  investigations  of 
Milne,  Button,  Seebach,  and  Schmidt ;  a  brief  account  of  the  origin  of 
varieties  of  ig^ieons  rocks  by  differentiation  of  rock-magmas,  made  ne- 
cessary by  the  writings  of  Iddings  and  others ;  a  greater  emphasis  on 
the  Cambrian  as  a  subdivision  of  the  Palaeozoic ;  the  latest  results  of 
Walcott,  Matthew,  and  Beecher  on  the  structure  and  affinities  of  Trilo- 
bites  ;  the  latest  results  of  Marsh,  Cope,  Osborn,  Scott,  and  Wortman 
on  the  structtire  and  affinities  of  Mesozoic  reptiles  and  Mesozoic  and, 
Tertiary  mammals ;  some  clearer  statement  on  the  subject  of  the 
causes  of  the  glacial  climate  ;  and  a  brief  discussion  of  the  causes  of 
geological  climates  in  general. 

I  wish  to  acknowledge  my  obligations  to  many  American  geologists 
for  help  in  preparing  this  edition,  but  especially  to  Profs.  Marsh, 
Beecher,  and  Pirsson  for  many  valuable  suggestions. 

Joseph  Le  Coxte. 

August  10,  ISOG. 
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PREFACE  TO  THE  FIRST  EDITION. 


Ijst  preparing  the  following  work  I  have  not  attempted  to  make  an 
exhaustive  manual  to  be  thumbed  by  the  special  student ;  for,  even  if 
I  felt  able  to  write  such  a  work,  Prof.  Dana's  is  already  in  the  field, 
and  is  all  that  can  be  desired  in  this  respect.  I  have  endeavored  only 
to  present  clearly  to  the  thoroughly  cultured  and  intelligent  student 
and  reader  whatever  is  best  and  most  interesting  in  Geological  Science. 
I  have  attempted  to  realize  what  I  conceive  to  be  comprised  in  the 
word  elements,  as  contradistinguished  from  manual.  I  have  attempted 
to  give  a  really  scientific  presentation  of  all  the  departments  of  the 
wide  field  of  geology,  at  the  same  time  avoiding  too  great  multiplica- 
tion of  detail.  I  have  desired  to  make  a  work  which  shall  be  both 
interesting  and  profitable  to  the  intelligent  general  reader,  and  at  the 
same  time  a  suitable  text-book  for  the  higher  classes  of  our  colleges. 
In  the  selection  of  material  and  mode  of  presentation  I  have  been 
guided  by  long  experience,  as  to  what  it  is  possible  to  make  interesting 
to  a  class  of  young  men,  somewhat  advanced  in  general  culture  and 
eager  for  knowledge,  but  not  expecting  to  become  special  geologists. 
In  a  word,  I  have  tried  to  give  such  knowledge  as  every  thoroughly 
cultured  man  ought  to  have,  and  at  the  same  time  is  a  suitable  founda- 
tion for  the  further  prosecution  of  the  subject  to  those  who  so  desire. 
The  tvork  is  the  substance  of  a  course  of  lectures  to  a  senior  class, 
organized,  compacted,  and  disencumbered  of  too  much  detail,  by  re- 
presentation for  many  successive  years,  and  now  for  the  first  time 
reduced  to  writing. 

Most  text-books  now  in  use  in  this  country  are,  in  my  opinion, 

either  too  elementary  on  the  one  hand,  or  else  adapted  as  manuals  for 

the  specialists  on  the  other.    I  Avish  to  fill  this  gap — to  supply  a  want 

felt  by  many  intelligent  students  and  general  readers,  who  desire  a 
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really  scientific  general  knowledge  of  geology.  Lyell's  Elements 
comes  nearest  to  supplying  this  want ;  but  there  are  two  objections  to 
this  admirable  work :  1.  The  principles  (dynamical  geology)  are  sepa- 
rated from  the  elements  (structural  and  historical  geology),  and  treated 
in  a  different  work ;  2.  Its  treatment  of  American  geology  is  of  course 
meager. 

I  have  treated  several  subjects  in  dynamical  and  structural  geology 
— e.  g.,  rivers,  glaciers,  volcanoes,  geysers,  earthquakes,  coral-reefs, 
slaty  cleavage,  metamorphism,  mineral  veins,  mountain-chains,  etc. — 
more  fully  than  is  common.  I  feel  hopeful  that  many  geologists  and 
physicists  will  thank  me  for  so  doing.  I  am  confident  that  I  give 
somewhat  fairly  the  present  condition  of  science  on  these  subjects. 

In  the  historical  part  I  have  found  much  more  difficulty  in  being 
scientific  without  being  tiresome,  and  in  being  interesting  without 
being  superficial  and  wordy.  I  have  attempted  to  accomplish  this  diffi- 
cult task  by  making  evolution  the  central  idea,  about  which  many  of 
the  facts  are  grouped.  I  have  tried  to  keep  this  idea  in  view,  as  a 
thread  running  through  the  whole  history,  often  very  slender — some- 
times, indeed,  invisible — but  reappearing  from  time  to  time  to  give 
consistency  and  meaning  to  the  history. 

If  this  work  have  any  advantage  over  others  already  before  the 
public,  it  is  chiefly  in  the  two  points  mentioned  above,  viz.,  in  a  fuller 
presentation  of  some  subjects  in  dynamical  and  structural  geology,  and 
in  the  attempt  to  keep  evolution  in  view,  and  to  make  it  the  central 
idea  of  the  history.  Another  advantage,  I  believe,  is  that  it  does  not 
sepk  to  compete  with  the  best  works  now  before  the  public,  but  occu- 
pies a  distinct  field  and  supplies  a  distinct  want. 

I  have  confined  myself  mostly,  though  not  entirely,  to  American 
geology,  especially  in  giving  the  disti'ibution  of  the  rocks  and  the 
physical  geography  of  the  different  periods.  In  only  one  case  have  I 
made  American  geology  subordinate,  viz.,  in  the  Jura-Trias  period,  and 
that  only  because  of  the  meagerness  of  the  record  of  this  period  in  this 
country. 

In  a  science  so  comprehensive  and  many-sided  as  geology,  it  is 
simply  impossible,  as  every  teacher  knows,  to  avoid  anticipations  in 
one  part  of  what  strictly  belongs  to  a  subsequent  part.  It  is  for  this 
reason  that  the  order  of  presentation  of  tlie  different  departments,  and 
of  the  various  subjects  under  each  department,  is  so  different  in  the 
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hands  of  dilTerent  writers.  The  order  which  I  have  adopted  I  know  is 
not  free  from  objection  on  this  score,  but  it  seemed  to  me,  on  the 
wliole,  the  best. 

In  preparing  the  work  I  have,  of  course,  drawn  largely  from  many 
sources,  both  text-books  and  works  of  original  research ;  for  whatever 
of  merit  there  be  in  a  work  of  this  kind  must  consist  not  so  much  in 
the  novelty  of  the  matter  as  in  the  selecting,  grouping,  and  presenta- 
tion. Such  obligations  are  acknowledged  in  the  pages  of  the  work. 
I  can  not  forbear,  however,  making  here  a  special  acknowledgment  of 
my  indebtedness,  in  the  historical  part,  to  the  invaluable  Manual  of 
Prof.  Dana.  1  must  also  acknowledge  especial  indebtedness  to  Profs. 
Marsh,  Newberry,  and  Cope,  and  the  geologists  and  paleontologists  of 
the  United  States  Surveys,  in  charge  of  Prof.  Hayden  and  Lieutenant 
Wheeler,  -not  only  for  valuable  materials,  but  also  for  much  personal 
aid. 
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Man,  Calaveras  Skull,640 ;  Carson  Footprints,  641 ;  Quaternary  Man  in  New  Jersey 
—in  Minnesota— in  Ohio,  642  ;  Quaternary  Man  in  Otlier  Countries,  643 ;  Supposed 
Missing  Link  of  Java,  643  ;  Time  since  Man  appeared,  645. 

II.  Character  of  Primeval  Man,  646. 
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DEFINITION  OF  GEOLOGY,  AND  OF  ITS  DEPARTMENTS. 

Geology  is  the  physical  history  of  the  earth  and  its  inhabitants, 
as  recorded  in  its  structure.  It  inchides  an  account  of  the  changes 
through  which  they  have  passed,  the  laws  of  these  changes,  and  their 
causes.  In  a  word,  it  is  the  history  of  the  evolution  of  the  earth  and 
its  inhabitants. 

The  fundamental  idea  of  geology,  as  well  as  its  principal  sub- 
divisions and  its  objects,  may  be  most  clearly  brought  out  by  compar- 
ing it  with  organic  science.  We  may  study  an  organism  from  three 
distinct  points  of  view  :  1.  We  may  study  its  general  form,  the  parts 
of  which  it  is  composed,  and  its  minute  internal  structure.  This  is 
anatomy.  It  is  best  studied  in  the  dead  body.  2.  We  may  study  the 
living  body  in  action,  the  function  of  each  organ,  the  circulation  of  the 
fluids,  and  the  manner  in  which  all  contribute  to  the  complex  phenom- 
ena of  life.  This  is  physiology.  3.  We  may  study  the  living  and 
groioing  body,  by  watching  the  process  of  development  from  the  egg 
to  the  adult  state,  and  striving  to  determine  its  laws.  This  is  embry- 
(iloyy. 

So,  looking  upon  the  earth  as  an  organic  unit,  we  may  study  its 
form,  the  rocks  and  minerals  of  which  it  is  composed,  and  the  manner 
in  which  these  are  arranged ;  in  other  words,  its  external  form  and  in- 
ternal structure.  This  is  the  anatomy  of  the  earth,  and  is  called  strnct- 
ural  geology.  Or,  we  may  study  the  earth  under  the  action  of  physical 
and  chemical  forces,  the  action  and  reaction  of  land  and  water,  of  earth 
and  air,  and  the  effects  of  these  upon  the  form  and  structure.  This  is 
the  physiology  of  the  earth,  and  is  called  dynamical  geology.  Finally, 
we  may  study  the  earth  in  the  progress  of  its  development,  from  the 
earliest  chaotic  condition  to  its  present  condition  as  the  abode  of  man, 
and  attempt  to  determine  the  laws  of  this  development.  This  is  the 
embryology  of  the  earth,  or  historical  geology. 

Principal  Departments.— The  science  of  geology,  therefore,  nat- 
urally divides  itself  into  three  parts,  viz. :  1.  Structural  geology,  or 
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geognosy.  2.  Dynamical  geolofiy,  or  pliysical  and  chemical  geology. 
3.  Historical  geology^  or  the  history  of  the  earth. 

But  there  are  two  important  points  of  difference  between  geology 
and  organic  science.  The  central  department  of  organic  science  is 
pliysiology,  and  both  anatomy  and  embryology  are  chiefly  studied  to 
throw  light  on  this.  But  the  central  department  of  geology,  to  which 
the  others  are  subservient,  is  history.  Again :  in  case  of  organisms 
— especially  animal  organisms — the  nature  of  the  changes  producing 
development  is  such  that  the  record  of  each  previous  condition  is  suc- 
cessively and  entirely  obliterated ;  so  that  the  science  of  embryology  is 
possible  only  by  direct  observation  of  each  successive  stage.  If  this 
were  true  also  of  the  earth,  a  history  of  the  earth  would,  of  course,  be 
impossible.  But,  fortunately,  we  find  that  each  previous  condition  of 
the  earth  has  left  its  record  indelibly  impressed  on  its  structure. 

Order  of  Treatment. — The  prime  object  of  geology  is  to  determine 
the  history  of  the  earth,  and  of  the  organisms  which  have  successively 
inhabited  its  surface.  The  structure  and  constitution  of  the  earth  are 
the  materials  of  this  history,  and  the  physical  and  chemical  changes 
now  going  on  around  us  are  the  means  of  interiKcting  this  structure 
and  constitution.  Evidently,  therefore,  the  only  logical  order  of  pre- 
senting the  facts  of  geology  is  to  study,  first,  the  causes,  physical  and 
chemical,  noio  in  operation  and  producing  structure  ;  then  the  structure 
and  constitution  of  the  earth  which,  from  the  beginning,  have  been 
produced  by  similar  causes ;  and,  lastly,  from  the  two  preceding  to  un- 
fold the  history  of  the  earth. 

Geology  may  be  defined,  therefore,  as  the  history  of  the  earth  and 
its  inhabitants,  as  revealed  in  its  strticture,  and  as  interpreted  by 
causes  still  in  operation.* 

There  is  no  other  science  which  requires  for  its  full  comprehension 
a  general  knowledge  of  so  many  other  departments  of  science.  A 
knowledge  of  mathematics,  physics,  and  chemistry,  is  required  to  under- 
stand dynamical  geology ;  a  knowledge  of  mineralogy  and  lithology  is 
required  to  understand  structural  geology ;  and  a  knowledge  of  zoology 
and  botany  is  required  to  understand  the  affinities  of  the  animals  and 
plants  which  have  successively  inhabited  the  earth,  and  the  laws  which 
have  controlled  their  distribution  in  tiine. 


*  The  great  importance  of  studying  "causes  now  in  operation"  as  a  basis  of  scien- 
tific geology  was  first  brought  out  by  llutton,  but  it  was  through  the  writings  of  Sir 
Charles  Lyell  that  it  became  generally  iicueptod. 


PART  I. 
DYNAMICAL  GEOLOGY. 


The  agencies  now  in  operation,  modifying  the  structure  of  the  sur- 
face of  the  earth,  may  be  classed  under  four  heads,  viz.,  atmosplieric 
(Ujencies^  aqueous  agencies,  igneous  agencies,  and  organic  agencies. 
These  agencies  have  operated  from  the  beginning,  and  are  still  in 
operation.  We  study  their  operation  7ioio,  in  order  that  we  may  un- 
derstand their  effects  in  previous  epochs  of  the  earth's  history — i.  e., 
the  structure  of  the  earth. 

While  all  geologists  agree  that  the  nature  of  the  agencies  which 
have  operated  in  modifying  the  earth's  surface  has  remained  the  same 
from  the  beginning,  they  differ  in  their  views  as  to  the  energy  of  their 
operation  in  different  periods.  Some  believe  that  their  energy  has  been 
much  the  same  throughout  the  whole  history  of  the  earth,  while  others 
believe  that  many  facts  in  the  structure  of  the  earth  require  much 
greater  operative  energy  than  now  exists.  We  will  attempt  to  show 
hereafter  that  neither  of  these  extreme  opinions  is  probably  true,  but 
that  some  of  these  agencies  have  been  decreasing,  while  others  have 
been  increasing,  with  the  progress  of  time.  It  is  the  constant  change 
of  balance  between  these  which  determines  the  development  of  the 
earth. 


CHAPTER  L 

ATMOSPHERIC  AGENCTRS. 

The  general  effect  of  atmospheric  agencies  is  the  disintegration  of 
rocks  and  the  formation  of  soils.  The  atmosphere  is  composed  of  nitro- 
gen and  oxygen,  with  small  quantities  of  watery  vapor  and  of  carbonic 
acid.  There  are  but  few  rocks  which  are  not  gradually  disintegrated 
under  the  constant  chemical  action  of  the  atmosphere.  The  chemical 
agents  of  these  changes  are  oxygen,  carbonic  acid,  and  watery  vapor, 
the  nitrogen  being  inert.    To  these  must  be  added,  where  vegetation 
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is  present,  the  products  of  vegetable  decomposition,  especially  ammo- 
nia and  humus  acids* 

Atmospheric  agencies  graduate  so  insensibly  into  aqueous  agencies 
that  it  is  diftlcult  to  define  tlieir  limits.  Water,  holding  in  solution 
carbonic  acid  and  oxygen,  may  exist  as  invisible  vapor;  or,  partially 
condensed  as  fogs ;  or,  completely  condensed,  as  rain  falling  upon  and 
percolating  the  earth.  In  all  these  forms  its  chemical  action  is  the 
same,  and,  therefore,  can  not  be  separated  and  treated  under  different 
classes ;  and  yet  the  same  rain  runs  off  from  and  erodes  the  surface  of 
the  earth,  comes  out  from  the  strata  and  forms  springs,  rivers,  etc.,  all 
of  which  naturally  fall  under  aqueous  agencies.  We  shall,  therefore, 
treat  of  the  cliemical  effects  of  atmospheric  water  in  the  disintegration; 
of  rocks,  and  the  formation  of  soils,  under  the  head  of  atmosphei'ic 
agencies  ;  and  the  mechanical  effects  of  the  same,  in  eroding  the  surface 
and  carrying  away  the  soil  thus  formed,  under  the  head  of  aqueous 
agencies.  In  moist  climates  vegetation  clothes  and  pi'otects  soil  from 
erosion,  but  favors  decomposition  of  rocks  and  formation  of  soil. 

Atmospheric  agencies  are  obscure  in  their  operation,  and,  therefore, 
imperfectly  understood.  Yet  these  are  not  less  important  than  aqueous 
agencies,  since  they  are  the  necessary  condition  of  the  operation  of  the 
latter  Unless  rocks  were  first  disintegrated  into  soils  by  the  action 
of  the  atmosphere,  they  would  not  be  carried  away  and  deposited  as 
sediments  by  the  agency  of  water.  These  two  agencies  are,  therefore, 
of  equal  power  and  importance  in  geology,  but  they  differ  very  much  in 
the  conspicuousness  of  their  effects.  Atmospheric  agencies  act  almost 
equally  at  all  times  and  at  all  jjlaces,  and  their  effects,  at  any  one  place 
or  time,  are  almost  imperceptible.  Aqueous  agencies,  on  the  contra- 
ry, in  their  operation  are  occasio7ial,  and  to  a  great  extent  local,  and 
their  effects  are,  therefore,  more  striking  and  easily  studied.  Never- 
theless, the  aggregate  effects  of  the  former  are  equal  to  those  of  the 
latter. 

Soils. — All  soils  (with  the  trifling  exception  of  the  thin  stratum 
of  vegetable  mold  which  covers  the  ground  in  certain  localities)  are 
formed  from  the  disintegration  of  rocks.  Sometimes  the  soil  is  formed 
in  situ,  and,  therefore,  rests  on  its  parent  rock.  Sometimes  it  is  re- 
moved as  fast  as  formed,  and  deposited  at  a  distance  more  or  less  remote 
from  the  parent  rock.  The  evidence  of  this  origin  of  soils  is  cleare.<t 
when  the  soil  is  formed  in  situ.  In  such  cases  it  is  often  easy  to  trace 
every  stage  of  gradation  between  perfect  rock  and  perfect  soil.  This 
is  well  seen  in  railroad  cuttings,  and  in  wells  in  the  gneissic  or  so-called 
primary  region  of  our  southern  Atlantic  slope.    On  examining  sucli  a 


*  Alexis  Julicn,  Procoeilings  of  the  American  Association  for  the  Advancement  of 
Science,  vol.  xxviii,  p.  311  ct  scq. 
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section,  we  find  near  tlie  surface  perfect  soil,  generally  red  clay  ;  beneath 
this  we  find  the  same  material,  but  lighter  colored,  coarser,  and  more 
distinctly  stratified ;  beneath  this,  but  shading  into  it  by  imperceptible 
gradations,  we  have  what  seems  to  be  stratified  rock,  but  it  crumbles 
into  coarse  dust  in  the  hand ;  this  passes  by  imperceptible  gradations 
into  rotten  rock,  and  iinally  into  perfect  rock,  There  can  be  no  doubt 
tliat  these  are  all  different  stages  of  a  gradual  decomposition.  But 
closer  observation  will  make  the  proof  still  clearer.  In  gneissic  and 
other  metamorphic  regions  it  is  not  uncommon  to  find  the  rock  trav- 
ersed, in  various  directions,  by  veins  of  quartz  or  flint.  Now,  in  sec- 
tions such  as  those  mentioned  above,  it  is  common  to  find  such  a  quartz- 
vein  running  through  the  rock  and  upward  through  the  superincumbent 
soil,  until  it  emerges  on  the  surface.  In  the  slow  decomposition  of  the 
rock  into  soil,  the  quartz-vein  has  remained  unchanged,  because  quartz 
is  not  affected  by  atmospheric  agencies.  Chemical  analysis,  also,  always 
shows  an  evident  relation  between  the  soil  and  the  subjacent  or  country 
rock,  except  in  cases  in  which  the  soil  has  been  brought  from  a  consid- 
erable distance. 

The  dei^th  to  which  soil  will  thus  accumulate  depends  partly  on  the 
nature  of  the  rock  and  the  rapidity  of  decom^Dosition,  partly  on  the  slope 
of  the  ground,  and  partly  on 
climate.  In  Brazil,  undis- 
turbed soils  are  found  three 
himdred  feet  deep.*  AVhen 
the  slope  is  considerable,  as 
at  d  (Fig.  1),  the  rocks  are 
hare,  not  because  no  soil  is 
formed,  but  because  it  is  re- 
moved as  fast  as  formed; 
while  at  a  the  soil  is  deep,  being  formed  partly  by  decomposition  of 
rock  in  sihi,  and  partly  of  soil  brought  down  from  d.  Wherever  per- 
fect soil  is  found  resting  on  sound  rock,  the  soil  has  been  shifted. 

If  rocks  were  solid  and  impervious  to  water,  this  process  would  be 
almost  inconceivably  slow;  but  we  find  that  all  rocks,  for  reasons  to  be 
discussed  hereafter,  are  broken  by  fissures  into  irregular  prismatic 
blocks,  so  that  a  perpendicular  cliff  of  rock  usually  presents  the  appear- 
ance of  rude  gigantic  masonry.  These  fissures,  or  joi7it.s,  increase  im- 
mensely the  surface  exposed  to  the  action  of  atmospheric  water.  Again, 
on  closer  inspection,  we  find  even  the  most  solid  parts  of  rocks,  i.  e.^  the 
blocks  themselves,  penetrated  with  capillary  fis.nires  which  allow  water 
to  reach  every  part.  Thus  the  rock  is  decomposed,  or  hecomes  rotten, 
to  a  groat  depth  below  the  surface.    But,  while  the  rock  is  gradually 

*  American  Journal  of  Science,  1884,  vol.  xxvii,  p.  130. 


Ideal  Section,  showing  Rock  passing  into  Soil. 
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Fig.  S.—a,  vegetal  soil;  6,  mineral  soil;  c.  harder 
portions  of  rock  left  in  process  of  disintegra- 
tion; (i,  underlying  rock. 
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changed  into  soil,  the  soil  is  also  slowly  carried  'away  by  agencies  to  be 
hereafter  considered;  and  these  changes,  taking  place  more  rapidly  in 
some  places  than  in  others,  give  rise  to  a  great  variety  of  forms,  some 
of  which  are  represented  in  the  accompanying  figure  (Fig.  2). 
^   In  the  process  of  disintegra- 

tion the  original  blocks  lose  their 
prismatic  form,  and  become  more 
or  less  rounded,  and  are  then  called 
bowlders  of  disintegration.  These 
may  lie  on  the  surface  (Fig.  2),  or 
may  be  buried  in  the  soil  (Fig.  3). 
When  of  great  size  and  very  solid, 
so  as  to  resist  decomposition  to  a  greater  extent  than  the  surrounding 
rocks,  they  often  form  huge 
rocking -stones  (Fig.  4).  These 
must  not  be  confounded  with 
true  bowlders  and  rocking- 
stones  which  are  brought  from 
a  distance,  by  agencies  which 
we  will  discuss  hereafter,  and 
which  are,  therefore,  entirely  different  from  the  subjacent  or  coun- 
try rock. 

General  Explanation. — The  process  of  rock-disintegration  may  be 
explained,  in  a  general  way,  as  follows :  Almost  all  rocks  are  composed 
partly  of  insoluble  materials,  and  partly  of  materials  which  are  slowly 
dissolved  by  atmospheric  water.  In  the  process  of  time,  therefore, 
these  latter  are  dissolved  out,  and  the  rock  crumbles  into  an  insoluble 
dust,  more  or  less  saturated  with  water  holding  in  solution  the  soluble 
ingredients.  To  illustrate  :  common  hardened  mortar  may  be  regarded 
as  artificial  stone;  it  consists  of  carbonate  of  lime  and  sand;  the  car- 
bonate of  lime  is  soluble  in  water  containing  carbonic  acid  (atmospheric 
water),  while  the  sand  is  quite  insoluble.  If,  therefore,  such  mortar  be 
exposed  to  the  air,  it  eventually  crumbles  into  sand,  moistened  with 
water  containing  lime  in  solution^  Again,  to  take  a  case  which  often 
occurs  in  Nature,  it  is  not  uncommon  to  find  rock  through  which  iron 
pyrites,  FeS,,  is  abundantly  disseminated.  This  mineral  is  insoluble; 
but  under  the  influence  of  water  containing  oxygen  (atmospheric  water) 
it  is  slowly  oxidized  and  changed  into  sulphate  of  iron,  or  copperas, 
which,  being  soluble,  is  Avashod  out,  and  the  rock  crumbles  into  an 
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insoluble  dust  or  soil,  saturated  with  a  solution  of  the  iron  salt.  We 
luive  given  these  only  as  illustrative  examples.  We  now  proceed  to 
give  examples  of  the  principal  kinds  of  rocks,  and  of  the  soils  formed 
by  their  disintegration. 

Granite,  Gneiss,  Volcanic  Rocks,  etc.— Granite  and  gneiss  are  mainly 
composed  of  three  minerals,  quartz^  feldspar^  and  mica,  aggregated  to- 
gether into  a  coherent  mass.  Quartz  is  unchangeable  and  insoluble  in 
atmospheric  water.  Mica  is  also  very  slowly  affected.  Feldspar  is, 
therefore,  the  decomposable  ingredient.  But  feldspar  is,  itself,  a  com- 
plex substance,  partly  soluble  and  partly  insoluble.  It  is  essentially  a 
silicate  of  alumina,  united  with  a  silicate  of  potash  or  soda,  although  it 
often  contains  also  small  quantities  of  iron  and  lime.  Now,  while  the 
silicate  of  alumina  is  perfectly  insoluble,  the  other  silicates  are  slowly 
dissolved  by  atmospheric  water,  vv'ith  the  formation  of  carbonates,  and 
the  silicate  of  alumina  is  left  as  kaolin  or  clay.  But,  since  we  may 
regard  the  original  rock  as  made  up  of  quartz  and  mica,  bound  together 
by  a  cement  of  feldspar,  the  disintegration  of  the  latter  causes  the  whole 
rock  to  lose  its  coherence,  and  the  final  result  of  the  process  is  a  mass 
of  clay  containing  grains  of  sand  and  scales  of  mica,  and  moistened 
with  water  containing  a  potash  salt.  If  there  be  any  iron  in  the  feld- 
spar, or  if  there  be  other  decomposable  ingredients  in  the  rock  contain- 
ing iron,  such,  for  example,  as  hornblende,  the  clay  will  be  red.  This 
is  precisely  the  nature  of  the  soil  in  all  our  primary  regions.  Volcanic, 
I'OcTcs  decompose  into  clay-soils  often,  though  not  always,  deeply  colored 
with  iron. 

Limestone. — Pure  limestone  may  be  regarded  as  composed  of  gran- 
ules of  carbonate  of  lime,  cohering  by  a  cement  of  the  same.  The  dis- 
solving of  the  cement  by  atmospheric  water  forms  a  lime-soil,  moistened 
with  a  solution  of  carbonate  of  lime  (hard  water).  Impure  limestoiie 
is  a  carbonate  of  lime,  more  or  less  mixed  with  sand  or  clay ;  by  disin- 
tegration it  forms,  therefore,  a  marly  soil. 

Sandstones. — Sandstones  consist  of  grains  of  sand  cemented  together 
by  carbonate  of  lime  or  peroxide  of  iron.  Where  peroxide  of  iron  is 
the  cementing  substance,  the  rock  is  almost  indestructible,  since  this 
substance  is  not  changed  by  atmospheric  water  :  hence  the  great  value 
of  red  sandstone  as  a  building-material.  But,  when  carbonate  of  lime 
is  the  cementing  material,  this  substance,  being  soluble  in  atmospheric 
water,  is  easily  washed  out,  and  the  rock  rapidly  disintegrates  into  a 
sandy  soil. 

^  Slate. — In  a  similar  manner  slate-rocks  disintegrate  into  a  pure  clay 
soil  by  the  solution  of  their  cementing  material,  which  is  often  a  small 
quantity  of  carbonate  of  lime. 

There  can  be  no  doubt  that  all  soils  are  formed  in  the  manner  above 
mdicated.    We  have  given  examples  of  soils  formed  in  silu,  but,  as 
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soils  are  often  shifted,  tliey  are  usually  composed  of  a  mixture  formed 
by  the  disintegration  of  several  kinds  of  rock.  In  some  cases  the  soil 
has  been  formed  in  situ  during  the  present  geological  epoch,  and  the 
])rocess  is  still  going  on  before  our  eyes.  Such  are  the  soils  of  the  hills 
of  the  up-country  or  primary  region  of  our  Southern  Atlantic  States.* 
Sometimes  the  soil  formed  in  the  same  way  has  been  shifted  to  a  greater 
or  less  distance.  Such  are  the  soils  of  our  valleys  and  river-bottoms. 
In  still  other  cases  the  soil  has  been  formed  by  the  process  already  de- 
scribed, and  transported  during  some  previous  geological  epoch  and  not 
reconsolidated.  Such  are  many  of  the  soils  of  the  Southern  low-country 
or  tertiary  region. 

Mechanical  Agencies  of  the  Atmosphere. 

Frost. — AVater,  penetrating  rocks  and  freezing,  breaks  off  huge  frag- 
ments :  these  by  a  similar  process  are  again  broken  and  rebroken  until 
the  rock  is  reduced  to  dust.  These  effects  are  most  consjoicuous  in  cold 
climates  and  in  mountain-regions.  In  cold  climates  huge  piles  of 
bowlders  and  earth  are  always  seen  at  the  base  of  steep  cliffs  (Fig.  5). 

Such  a  pile  of  materials,  the  ruins 
of  the  cliff  above,  is  called  a  talus. 
In  mountainous  regions  frost  is  a 
powerful  agent  in  disintegrating  the 
rocks,  and  in  determining  the  out- 
lines of  mountain-peaks.  This  is 
well  seen  in  the  Alps  and  in  the 
Sierra. 

Winds. — The  effect  of  winds  is 
seen  in  the  phenomenon  of  shifting 
sands.  At  Cape  Cod,  for  instance, 
the  sands  thrown  ashore  by  the  sea  ax-e  driven  by  the  winds  inland,  and 
thus  advance  upon  the  cultivated  lands,  burying  them  and  destroying 
their  fertility.  The  sands  from  the  beach  on  the  Pacific  coast  near 
San  Francisco  are  driven  inland  in  a  similar  manner,  and  are  now  reg- 
ularly encroaching  upon  the  better  soil.  Large  areas  of  the  fertile 
alluvial  soil  of  Egypt,  together  with  their  cities  and  monuments,  have 
been  buried  by  the  encroachments  of  the  Sahara  Desert.  The  same 
phenomena  are  observed  on  various  parts  of  the  coast  of  France,  Hol- 
land, and  England.  The  rate  of  advance  has  been  measured  in  some 
instances.  Thus  on  the  coast  of  Suffolk  it  is  said  to  advance  at  the 
rate  of  about  five  miles  a  century;  at  Cape  Finisterre,  according  to 
Ansted,  at  the  rate  of  thirty-two  miles  per  century,  or  five  hundred  and 
sixty  yards  per  annum.    The  Dunes  of  England  and  Scotland  are  such 


Fig.  5. 


In  the  Nortliern  States,  in  the  region  of  the  Drift,  nearly  all  the  soil  has  been  shifted. 


RIVERS. 


9 


barrens  of  drifting  sand.  Hills  may  be  formed  in  this  manner  thirty 
to  forty  feet  in  height.  In  the  nearly  rainless  regions  of  the  interior  of 
our  continent,  high  winds,  laden  with  sand  and  gravel,  are  a  powerful 
accent  in  sculpturing  the  rocks  into  the  fantastic  forms  so  often  found 
there.*  In  such  regions,  also,  extensive  deposits  of  wind-borne  particles 
are  sometimes  found.  This  is  especially  true  in  the  interior  of  Asia  and 
in  China,  where,  according  to  Richthofen,  such  deposits  are  hundreds  of 
feet  in  thickness  and  cover  thousands  of  square  miles.  Such  deposits  are 
called  Loess.  The  geological  importance  of  dust-deposits  has  only  re- 
cently been  appreciated. 


CHAPTER  II. 

AQUEOUS  AGENCIES. 

The  asrencies  of  water  are  either  mechanical  or  chemical.  The 
mechanical  agencies  of  water  may  be  treated  under  the  threefold  aspect 
of  erosion,  transportation,  and  sedimentary  deposits.  We  will  consider 
them  under  the  heads  of  Rivers,  Oceans,  and  Ice.  Under  chemical 
agencies  Ave  will  consider  the  phenomena  of  chemical  deposits  in 
Springs  and  Lakes. 

(  Rivers  ^Erosion,  Transportation,  Deposit. 

f  Mechanical.  \  Ocean  '     ''  "  " 

Ice  "  "  " 

Aqueous  agencies.  ^  ^  •     underground  water. 

[  Chemical.     \  Springs   Deposit  in. 

[  Lakes  

Section  1. — Rivers. 

Under  the  head  of  river  agencies  we  include  all  the  effects  of  circu- 
lating meteoric  water  from  the  time  it  falls  as  rain  until  it  reaches  the 
ocean :  i.  e.,  all  the  effects  of  Rain  and  Rivers. 

Water,  in  the  form  of  vapor,  fogs,  or  rain,  percolating  through  the 
earth,  slowly  disintegrates  the  hardest  rocks.  Much  of  these  percolat- 
ing waters,  after  accomplishing  the  work  of  soil-making,  already  treated 
in  the  preceding  chapter,  reappears  on  the  surface  in  the  form  of  springs, 
and  gives  rise  to  .streamlets.  A  large  portion  of  rain-water,  however, 
never  soaks  into  the  earth,  but  runs  ofE  the  surface,  forming  rills,  which 
hy  erosion  produce  furrows.  The  uniting  rills  form  rivulets,  which 
excavate  gullies.  The  rivulets,  uniting  with  one  another  and  with  the 
streamlets  issuing  from  springs,  form  torrents,  which  in  their  course 
excavate  ravines,  gorges,  and  cartons.   The  uniting  torrents,  finally  issu- 


*  Gilbert,  U.  S.  Geographical  Surveys— Lieutenant  Wheeler  in  chal-ge,  vol.  iii.  Geolofy 
p.  82.  b  ,  .  fc/ 
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ing  from  their  mountain-home  upon  the  plains,  form  great  rivers,  wliich 
deposit  their  freight  partly  in  their  course  and  partly  in  the  sea.  Such 
is  a  condensed  history  of  rain-water  on  its  way  to  the  ocean  whence  it 
came.    Our  object  is  to  study  this  history  in  more  detail. 

Erosion  of  Rain  and  Rivers.' 

The  whole  amount  of  water  falling  on  any  land-surface  may  Ix; 
divided  into  three  parts:  1.  That  which  rushes  immediately  off  the 
surface,  and  causes  the  floods  of  the  rivers,  especially  the  smaller 
streams ;  2.  That  which  sinks  into  the  earth,  and,  after  doing  its 
chemical  work  of  soil-making,  reappears  as  springs,  and  forms  the 
regular  supply  of  streams  and  rivers ;  and,  3.  That  which  reaches  the 
sea  wholly  by  subterranean  channels.  Of  these,  the  first  two  are  the 
grand  erosive  agents,  and  these  only  concern  us  at  present.  Of  these, 
the  former  predominate  in  proportion  as  the  land-surface  is  bare ;  the 
latter  in  proportion  as  it  is  covered  with  vegetation. 

HydrograpMcal  Basin. — An  hydrographical  basin  of  a  river,  lake, 
or  gulf,  is  the  whole  area  of  land  the  rainfall  of  which  drains  into  that 
river,  lake,  or  gulf.  Tlius  the  hydrographical  basin  of  the  Mississippi 
River  is  the  whole  area  drained  by  that  river  It  is  bounded  on  the 
east  and  west  by  the  Alleghany  and  Rocky  Mountains,  and  on  the 
north  by  a  low  ridge  running  from  Lake  Superior  westward.  The 
whole  area  of  continents,  with  the  exception  of  rainless  deserts,  may  be 
regarded  as  made  up  of  hydrographical  basins.  The  ridge  which  sepa- 
rates contiguous  basins  is  called  a  watershed.  It  is  evident  that  every 
portion  of  the  land,  with  the  exception  of  the  rainless  tracts  already 
mentioned,  is  subject  to  the  erosive  agency  of  water,  and  is  being  worn 
away  and  carried  into  the  sea.  There  have  been  various  attempts  to 
estimate  the  rate  of  this  general  erosion. 

Rate  of  Erosion  of  Continents. — This  is  usually  estimated  as  follows : 
Some  great  river,  such  as  the  ]\Iississippi,  is  taken  as  the  subject  of 
experiment.  By  accurate  measurement  during  every  portion  of  the 
year,  the  average  amount  of  water  discharged  into  the  sea  per  second, 
per  hour,  per  day,  per  year,  is  determined.  This  is  a  matter  of  no 
small  difficulty,  as  it  involves  the  previous  determination  of  the  average 
cross-section  of  the  river  and  the  average  velocity  of  the  current.  The 
average  cross-section  X  average  velocity  =  the  average  discharge  per 
second :  from  which  may  be  easily  obtained  tlie  annual  discharge.  Next, 
by  experiment  during  every  month  of  the  year,  the  average  quantity  of 
mud  contained  in  a  given  quantity  of  water  is  also  determined.  By  an 
easy  calculation  this  gives  us  the  annual  discharge  of  mud,  or  the  whole 
quantity  of  insoluble  matter  removed  from  the  hydrographical  bivsin  in 
one  year.  This  amount,  divided  by  the  area  of  the  river-basin,  will  give 
the  average  thickness  of  the  layer  of  imohibJc  matter  removed  from  the 
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basia  ill  one  year.  To  this  must  be  added  the  sohible  matters,  wliich 
are  about  one  sixth  as  much  as  the  insoluble. 

Estimates  of  this  kind  have  been  made  for  two  great  rivers,  viz.,  the 
Ganges  and  the  Mississippi.  The  whole  amount  of  sediment  annually 
carried  to  the  sea  by  the  Ganges  has  been  estimated  as  6,368,000,000 
cubic  feet.  This  amount,  spread  over  the  whole  basin  of  the  Ganges 
(400,000  square  miles),  would  make  a  layer  -j-^  of  a  foot  thick.  The 
Ganges,  therefore,  erodes  its  basin  one  foot  in  1,751  years.*  The  area 
of  the  Mississippi  basin  is  1,244,000  square  miles.  The  annual  dis- 
charge of  sediment,  according  to  the  recent  and  accurate  experiments 
of  Humphreys  and  Abbot,  is  7,471,411,200  cubic  feet,  a  mass  sufficient 
to  cover  an  area  of  one  square  mile,  268  feet  deep.f  This  spread  over 
the  whole  basin  would  cover  it  y^Vcr  ^  ^^o^.  Therefore,  this  river 
removes  from  its  basin  a  thickness  of  one  foot  in  4,640  years.  The 
cause  of  the  great  difference  in  favor  of  the  Ganges  is,  that  this  river 
is  situated  in  a  country  subject  to  very  great  annual  fall  of  water,  the 
whole  of  which  falls  during  a  rainy  season  of  six  months.  The  I'ains 
are  therefore  very  heavy,  and  the  floods  and  consequent  erosion  propor- 
tionately great.  The  erosive  power  of  this  river  is  still  further  increased 
by  the  great  slope  of  the  basin,  as  it  takes  its  rise  in  the  Himalaya,  the 
highest  mountains  in  the  world. 

Now,  since  continents  may  be  regarded  as  made  up  of  hydrographi- 
cal  basins,  the  average  rate  of  their  erosion  may  be  determined  either  by 
making  similar  experiments  on  all  the  rivers  of  the  world,  or,  since  this 
is  impracticable,  by  taking  some  river  as  an  average.  We  believe  the 
Mississippi  is  much  nearer  an  average  river  than  the  Ganges.  It  can 
hardly  be  less  than  the  average,  for  a  considerable  portion  of  the  earth 
— as  rainless  deserts — is  not  subject  to  any  erosion.  It  is  probable, 
therefore,  that  the  whole  surface  of  continents  is  eroded  at  a  rate  not 
exceeding  one  foot  in  4,640  years.  For  convenience  we  will  call  it  one 
foot  in  5,000  years.  We  will  use  this  estimate  when  we  come  to  speak 
of  the  actual  erosion  which  has  occurred  in  geological  times. 

Law  of  Variation  of  Erosive  Power. — The  erosive  poiver  of  water,  or 
its  power  of  overcoming  cohesion,  varies  as  the  square  of  the  velocity  of 
the  current  {p  ca  v').  The  velocity  depends  upon  the  slope  of  the  bed, 
the  depth  of  the  water,  and  many  other  circumstances,  so  numerous  and 
complicated  that  it  has  been  found  impossible  to  reduce  it  to  any  simple 
law.  The  angle  of  slope,  however,  is  evidently  the  most  important' cir- 
cumstance which  controls  velocity,  and  therefore  erosive  power.  In  the 
upper  portions  of  great  rivers,  like  the  Mississippi,  the  erosion  is  very 
great ;  while  in  the  plains  near  the  mouth  there  may  be  no  erosion,  but, 


*  Philosophical  Magazine,  vol.  v,  p.  261. 

\  Uumplircys  and  Abbot,  Report  on  Mississippi  River,  pp.  148-160. 
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on  the  contrary,  sedimentary  deposit.  The  high  lands,  tlierefore,  espe- 
cially mountain-chains,  are  the  great  theatres  of  erosion.  Pure  water, 
however,  erodes  very  slowly,  the  main  agents  of  erosion  being  the  gravel 
and  sand  carried  along  by  the  current.  The  general  elTect  of  erosion  is 
leveling.  If  unopposed,  the  final  effect  would  be  to  cut  down  all  lands 
to  the  level  of  the  sea,  at  an  average  rate  of  about  one  foot  in  five  thou- 
sand years.  But  the  immediate  local  effect  is  to  increase  the  inequalities 
of  laud-surface,  deepening  the  furrows,  gullies,  and  gorges,  and  increas- 
ing the  intervening  ridgea  and  peaks  up  to  a  certain  limit,  after  which 
it  again  decreases.  The  effect,  therefore,  is  like  that  of  a  graver's  tool, 
constantly  cutting  at  every  elevation,  but  making  trenches  at  every 
stroke,  although  the  final  effect  is  to  bring  all  to  one  level. 

Thus  land-surfaces  everywhere,  especially  in  mountain-regions,  are 
cut  away  by  a  process  of  sculpturing,  and  the  cUhr-is  carried,  to  the  low- 
lands and  to  the  sea.  The  smaller  lines  and.  more  delicate  touches  are 
due  to  rain,  the  deeper  trenches  or  heavier  chiselings  to  rivers  proper. 
The  effects  of  the  former  are  more  general  and  far  greater  in  the  aggre- 
gate, bnt  the  effects  of  the  latter  are  far  more  conspicuous.  It  is  only 
nnder  certain  conditions  that  rain-sculpture  becomes  conspicuous. 
These  conditions  seem  to  be  a  bare  soil  and  absence  of  frost.  Beautiful 
examples  are  found  in  the  arid  regions  of  southern  Utah. 

We  now  proceed  to  discuss  the  more  consjDicuous  effects  of  water 
concentrated  in  river-channels. 

Examples  of  Great  Erosion  kow  goixg  on  :  Waterfalls. 

The  erosive  power  of  water  is  most  easily  studied  in  ravines,  gorges, 
canons,  and  especially  in  great  waterfalls.  One  of  the  most  interesting 
of  these  is  Niagara. 

Niagara  :  General  Description.— The  platean  on  which  stands  Lake 
Erie  (P      Fig.  6)  is  elevated  about  three  hundred  feet  above  that  of 


Vw.  (i.— Ideal  Longitudinal  Section  through  Niugani  River  from  Lake  Krie  to  Liike  Ontario. 


Lake  Ontario,  and  is  terminated  abruptly  by  an  escarpment  about  three 
hundred  feet  high  (P).  From  this  point  a  narrow  gorge  with  nearly 
perpendicular  sides,  and  two  hundred  to  three  hundred  feet  dee)),  runs 
l)ackward  through  the  higher  or  Erie  plateau  as  far  as  the  falls  [N). 
The  Niagara  River  runs  out  of  Lake  Erie  and  upon  the  Erie  plateau  as 
far  as  tlie  falls,  then  pitches  a  hundred  and  sixty-seven  feet  perpendicu- 
larly, ami  then  runs  in  tlie  gorge  for  seven  miles  to  Queenstown  ((>), 
where  it  emerges  on  the  Ontario  jilateau.   Long  observation  has  proved 
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that  the  position  of  the  fall  is  not  stationary,  but  slowly  recedes  at  a 
rate  which  has  been  variously  estimated  at  from  three  to  five  feet  per  an- 
num. The  process  of  recession  has  been  carefully  observed,  and  tlic 
reason  why  it  maintains  its  perpendicularity  is  very  clear.  The  surface- 
rock  of  Erie  plateau  is  a  firm  limestone  (a).  Beneath  this  is  a  softer 
shale  (b).  This  softer  rock  is  rapidly  eroded  by  the  force  of  the  falling 
water,  and  leaves  the  harder  limestone  projecting  as  taUe-rocJcs.  From 
time  to  time  these  projecting  tables  are  loosened  and  fall  into  the  chasm 
below.  This  process  is  facilitated  by  the  joint  structure  sjjoken  of  on 
page  5. 

Recession  of  the  Falls. — Now,  there  is  every  reason  to  believe  that 
the  fall  was  originally  situated  at  Queenstown,  the  river  falling  over 
the  escarpment  at  that  place,  and  that  it  has  worked  its  way  backward 
seven  miles  to  its  present  position  by  the  process  we  have  just  described. 
These  reasons  are  as  follows  :  1.  The  general  configuration  of  the  country 
as  already  described  forcibly  suggests  sucli  an  explanation  to  the  most 
casual  observer.  2.  A  closer  examination  confirms  it  by  showing  that 
the  gorge  is  truly  a  valley  of  erosion,  since  the  strata  on  the  two  sides 
correspond  accurately  (see  Fig.  7). .  3.  As  already  seen,  the  falls  have 
receded  in  historic  times  at  a  rate  of  from  one  foot  to  three  feet  a  year. 
The  portion  of  the  gorge  thus  formed  under  our  eyes  does  not  differ  in 
any  essential  respect  from  other  portions  farther  down  the  stream.  The 
evidence  thus  far  is  not  perfectly  conclusive  that  the  gorge  was  formed 
by  the  present  river  during  the  prese7it  geologic  epoch,  since  the  gorge 
may  have  been  eroded  during  a  previous  epoch,  and  the  present  river 
found  it,  appropriated  it  as  its  channel,  and  continued  to  extend  it. 
But  (4)  certain  stratified  deposits  have  been  found  by  Mr.  Lyell  and 


Fig.  7. — Ideal  Suction  across  Chasm  below  the  Falls. 

others  on  the  upper  margin  of  the  ravine,  containing  shells,  all  of  which 
are  identical  with  the  shells  now  living  in  Niagara  River.  On  the  mar- 
gins of  all  rivers  we  find  stratified  deposits  of  mud  and  sand  containing 
dead  shell.  The  stratified  deposits  found  by  Mr.  Lyell  were  such  mud*^ 
banks  of  the  Niagara  River  before  the  falls  had  receded  so  far,  and 
therefore  when  the  river  still  ran  on  the  Erie  plateau  at  this  point. 
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This  is  well  seen  in  the  subjoined  figure,  representing  an  ideal  cross- 
section  of  the  gorge  below  the  fulls.  Tlie  dotted  lines  represent  the 
former  bed  and  level  of  the  river ;  a  a  represent  the  banks  of  stratified 
mud  left  on  the  margin  of  the  gorge,  as  the  river  eroded  its  bed  down 
to  its  present  level. 

Other  Falls. — The  evidence  is  completed  by  examination  of  other 
great  falls.  In  almost  all  perpendicular  falls  we  find  a  similar  arrange- 
ment of  strata  followed  by  similar  results.  The  Falls  of  St.  Anthony, 
in  the  Mississippi  River,  are  a  very  beautiful  illustration.  Here  we  find 
a  configuration  of  surface  very  similar  to  that  in  the  neighborhood  of 
Niagara.  Above  the  falls  the  MississipjDi  River  runs  on  a  plateau  which 
terminates  abruptly  at  the  mouth  of  Minnesota  River  by  an  escarpment 
about  a  hundred  feet  high.  From  this  escarpment,  backward  through 
the  upper  plateau,  runs  a  gorge  with  perpendicular  sides  nearly  a  hun- 
dred feet  high  for  eight  miles  to  the  foot  of  the  falls.  The  river  above 
the  falls  runs  on  a  hard,  silui'ian  limestone  rock,  only  a  few  feet  in  thick- 
ness. Beneath  this  is  a  white  sandstone,  so  soft  that  it  can  be  easily 
excavated  with  the  fingers.  This  sandstone  forms  the  walls  of  the  gorge 
as  far  as  the  escarpment.  The  recession  of  the  falls  by  the  undermining 
and  falling  of  the  limestone  is  even  more  evident  than  at  Niagara. 
Tributaries  running  into  the  Mississippi  just  below  the  falls  are,  of 
course,  precipitated  over  the  margin  of  the  gorge.  Here,  therefore,  the 
same  conditions  are  repeated,  and  hence  are  formed  subordinate  gorges, 
headed  by  perpendicular  falls.  Such  are  the  falls  and  gorge  of  Minne- 
haha River,  which  runs  into  the  Mississippi  about  two  miles  above  the 
mouth  of  the  Minnesota  River. 

Another  admirable  illustration  of  the  conditions  under  which  per- 
pendicular falls  recede  is  found  in  the  falls  of  the  numerous  tributaries 
of  Columbia  River  where  the  great  river  breaks  through  the  Cascade 
Ivange.  The  Columbia  River  gorge  is  2,500  to  3,000  feet  deep.  The 
walls  consist  of  columnar  basalt  underlaid  near  the  water-level  by  a 
softer  conglomerate.  Every  tributary  at  this  jDoint  emerges  from  a 
deep  gorge,  headed  two  or  three  miles  back  by  a  perpendicular  wall, 
over  which  is  precipitated  the  water  of  the  tributary  as  a  fall  200  to 
300  feet  high.  The  falling  water  erodes  the  softer  conglomerate,  un- 
dermines the  vertical-columned  basalt,  which  tumbles  into  the  stream 
and  is  carried  away ;  and  thus  the  fall  has  worked  back  in  each  case 
about  two  or  three  miles  to  its  present  position.*  All  of  this  has  taken 
jilace  during  the  present  geological  ei)och.f 

♦Gilbert  has  shown  (American  Journal,  August,  1876)  that  conipnrativc  freedom 
from  detritus  is  another  condition  of  the  formation  of  perpendicular  waterfalls.  In 
muddy  rivers  commencing  inequalities  are  filled  up  by  sediment,  and  waterfalls  can  not 
be  formed. 

f  .\mcrican  Journal  of  Science  and  .\rt,  1S7-I,  vol.  vii,  pp.  167,  259. 
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The  wonderful  falls  of  the  Yosemite  Valley,  of  which  there  are  six 
iu  a  radius  of  five  miles,  one  of  them  1,G00  feet,  three  500  to  700  feet, 
and  two  300  to  400  feet  high,  seem  to  be  an  exception  to  the  law  given 
above.  Their  perpendicularity  seems  to  be  the  result  of  the  compara- 
tive recency  of  the  evacuation  of  the  valley  by  an  ancient  glacier,  and 
therefore  the  shortness  of  the  time  during  which  the  rivers  have  been 
falling,  combined  with  the  hardness  of  the  granite  rocks.  The  Yo- 
semite gorge  was  not  made  by  the  present  rivers  during  the  present 
epoch. 

Time  necessary  to  excavate  Niagara  Gorge.— All  attempts  to  esti- 
mate accurately  the  time  consumed  in  excavating  Niagara  gorge  must 
be  unreliable,  since  we  do  not  yet  know  the  circumstances  which  con- 
trolled the  rate  of  recession  at  different  stages  of  its  progress.  Among 
these  circumstances,  the  most  important  are  the  volume  of  water,  and 
especially  the  hardness  of  the  rocks,  and  the  manner  in  which  hard  and 
soft  are  superposed.  The  present  position  of  the  falls  is  apparently 
favorable  for  rapid  recession.  Mr.  Lyell  thinks,  from  personal  observa- 
tion, that  the  average  rate  could  not  have  been  more  than  one  foot  per 
annum,  and  probably  much  less.  At  this  rate  it  would  require  about 
3(3,000  years.  More  recent  estimates  make  the  probable  rate  three  feet 
a  year,  and  the  time,  therefore,  12,000  years.*  But  whether  w^e  adopt 
the  one  or  the  other  estimate,  this  time  must  not  be  confounded  with 
the  age  of  the  earth.  The  work  of  excavating  the  Niagara  chasm  be- 
longs to  the  present  epoch,  and  the  time  is  absolutely  insignificant  in 
comparison  with  the  inconceivable  ages  of  which  we  will  speak  in  the 
subsequent  parts  of  this  work.  The  Falls  of  St.  Anthony  recedes  about 
five  feet  per  annum,  and  has  made  its  gorge  iu  about  8,000  years 
(Winchell). 

Ravines,  Gorges,  Canons. — We  have  already  seen  (page  12)  that 
ravines,  gorges,  etc.,  are  everywhere  produced  in  mountain-regions  by 
the  regular  operation  of  erosive  agents.  Nowhere  are  examples  more 
abundant  or  more  conspicuous  than  in  our  own  country,  and  especially 
in  the  Western  portion.  On  the  Pacific  slope,  the  most  remarkable  are 
the  gorges  of  the  Fraser  and  of  the  Columlia  Rivers,  fifty  miles  long 
and  several  thousand  feet  deep ;  those  of  the  North  and  South  Forks 
of  the  American  River,  2,000  to  3,000  feet  deep  in  solid  slate  ;  the  cafion 
of  the  Tuolumne  River,  with  its  HetclihetcMj  Valley;  the  cafion  of  the 
Merced,  with  its  Yosemite  Valley,  with  nearly  vertical  granite  cliffs, 
3,000  to  nearly  5,000  feet  high  ;  and,  deepest  of  all,  the  grand  cafion 
of  King's  River,  3,000  to  7,000  feet  deep,  in  hard  granite. 


*  It  ought  to  be  remembered,  too,  that  it  is  probable  that  at  one  time  the  waters  of 
tlic  three  upper  lakes  did  not  drain  into  Luke  Erie — i.  e.,  did  not  go  over  Niagara  Falls. 
—Spencer,  American  Journal,  48,  455^  1894. 
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Some  of  these  grctat  cafions  have  been  forming  ever  since  the  forma- 
tion of  the  Sierra  Range — i.  e.,  since  the  Jurassic  period.  It  is  possible, 
also,  that  in  some  of  them  the  erosive  agents  have  been  assisted  by 


Fig.  8.— Lava-Stream  cut  through  by  Rivers:  a  a,  Basalt;  b  b.  Volcanic  AHhes;  cc,  Tertiuri';  d  <l, 

Crotaceous  Rocks.    (From  Whitney.) 

antecedent  igneous  agencies,  producing  fissures,  which  have  been  en- 
larged and  deepened  by  water  and  by  ice.  But  there  are  some,  at  least, 
which  may  be  proved  to  have  been  produced  wholly  by  erosion,  and 
that  during  the  present  or  at  least  during  very  recent  geological  times. 
We  refer  especially  to  those  which  have  been  cut  through  lava-streams. 

In  Middle  and  Northern  California  are  found  lava-streams  which 
have  flowed  from  the  crest  of  the  Sierra.  By  means  of  the  strata  on 
which  they  lie,  these  streams  are  known  to  have  flowed  after  the  end  of 
the  Tertiary  period.  Yet  the  present  rivers  have  since  that  time  cut 
great  canons  through  the  lava  and  into  the  underlying  rock,  in  some 
cases  at  least  2,000  feet  deep.  Such  facts  impress  us  with  the  immen- 
sity of  geological  times.  This  important  point  is  discussed  more  fully 
in  a  subsequent  part  of  this  work. 


j^Q.  9.— Buttee  of  the  Cross  (l-'owell). 


But  nowhere  in  this  country,  or  in  the  world,  are  the  phenomena  of 
cafions  exhibited  on  so  grand  a  scale,  and  nowhere  are  they  so  obviously 
the  result  of  pure  erosion,  as  in  the  region  of  the  Grand  Plateau  of 


caSons,  gorges,  etc. 
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Utoh,  Arizona,  New  Mexico,  and  Colorado.  This  plateau  is  elevated 
7,000  to  8,000  feet  above  the  sea,  and  composed  entirely  of  nearly  hori- 
zontal strata,  comprising  nearly  the  whole  geological  series  from  the 
Tertiary  downward.  Through  this  series  all  the  streams  have  cut  their 
M-ay  downward,  forming  naiTow  cafions  with  almost  perpendicular  walls 
several  thousand  feet  deep,  so  that  in  many  parts  we  have  the  singular 
phenomenon  of  a  whole  river-system  running  almost  hidden  far  below 
the  surface  of  the  country,  and  rendering  the  country  entirely  impass- 
able in  certain  directions  {see  Frontispiece).    'Nov  is  the  erosion  con- 


FiG.  10.— Canon  of  the  Colorado  and  its  Tributaries  (from  a  Drawing  by  NevvbeiTy). 


fined  to  canons ;  for  the  rain-erosion  has  been  so  thorough  and  general 
that  much  of  the  upper  portion  of  the  plateau  has  been  wholly  carried 
away,  leaving  only  isolated  turrets  (buites)  or  isolated  level  tables  with 
cliff-like  walls  (mesas)  to  indicate  their  original  height.  All  tliese  facts 
are  well  shown  in  Fig.  10.  The  explanation  of  these  deep  and  narrow 
caflons  is  probably  to  be  found  in  the  predominance  of  stream-erosion 
over  general  disintegration  and  rain-erosion,  which  is  characteristic  of 
an  arid  climate  (Gilbert). 

Chief  among  these  cafions  is  the  Oratid  Caiioji  of  the  Colorado,  300 
miles  long  and  3,000  to  0,200  feet  deep,  forming  the  grandest  natural 
geological  section  known.  Into  this  the  tributaries  enter  by  side-cafions 
of  nearly  equal  depth,  and  often  of  extreme  narrowness.  Fig.  11  repre- 
sents the  natural  proportions  of  such  a  cafion. 
3 
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Time. — These  remarkable  caflons  have  evidently  been  cut  wholly 
by  the  streams  which  now  occupy  them,  and  which  are  still  continuing 
the  work.  The  work,  probably  commenced  in  the  early  Tertiary  with 
the  emergence  of  this  portion  of  the  continent,  became  more  rapid  in 
the  latter  portion  of  the  Tertiary  with  the  great  elevation  of  the  plateau, 

and  has  continued  to  the  present  time. 
Thus,  causes  now  in  operation  are  identi- 
fied with  geological  agencies. 

In  the  Appalachian  chain  gorges  and 
valleys  of  erosion  are  abundant,  but  the 
evidences  of  present  action  are  less  obvi- 
ous, and  therefore  we  defer  their  treat- 
ment to  Part  II,  for  we  are  now  discussing 
agencies  still  in  operation.  Among  the 
more  remarkable  narrow  gorges  in  this 
region,  we  may  mention,  in  passing,  the 
Tallulah  River  gorge,  several  miles  long 
and  nearly  1,000  feet  deep,  in  Eabun 
County,  Georgia,  and  the  gorge  of  the 
French  Broad  in  North  Carolina.  The 
general  effects  of  erosion  will  be  more 
fully  treated  under  Mountain  Sculpture 
(page  278). 

Transportation  and  Distribution  of 
Sediments. 


The  specific  gravity  of  most  rocks  is 
about  2-5.  Immersed  in  water,  they  there- 
fore lose  nearly  half  their  weight.  This 
fact  greatly  increases  the  transporting 
power  of  water.  The  actual  transporting 
power  of  water  is  determined  partly  by 
experiment  and  partly  by  reasoning  on  the  general  laws  of  force.  By 
experiment  we  determine  the  transporting  power  under  a  given  set  of 
circumstances :  by  general  reasoning  we  determine  its  law  of  variation, 
and  apply  the  data  given  by  experiment  to  every  possible  case. 

Experiments. — It  has  been  found  by  experiment  that  a  current, 
moving  at  the  rate  of  three  inches  per  second,  will  take  up  and  carry 
along  fine  clay  ;  moving  six  inches  per  second,  will  carry  fine  sand ; 
eight  inches  per  second,  coarse  sand,  the  size  of  linseed  ;  twelve  inches, 
gravel ;  twenty-four  inches,  pebbles ;  three  feet,  angular  stones  of  the 


FiQ.  11.— Section  of  the  Virgen  River 
(after  GUbert). 


size  of  a  hen's  egg.*    It  will  be  readily  seen  from  the  above  that  the 


*  Page's  Geology,  p.  28 — Rankine. 
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carrying -power  increases  much  more  rapidly  than  the  velocity.  For 
instance,  a  current  of  twelve  inches  per  second  carries  gravel,  while  a 
current  of  three  feet  per  second,  only  three  times  greater  velocity,  car- 
ries stones  many  hundred  times  as  large  as  grains  of  gravel.  Let  us 
investigate  the  laxv. 

Law  of  Variation. — If  the  surface  of  the  obstacle  is  constant,  the 
force  of  running  water  varies  as  the  velocity  squared  :  f  a:  (1).  This 
may  be  easily  proved.  Suppose  we  have  an  obstacle  like  the  pier  of  a 
bridge,  standing  in  water  running  with  any  given  velocity.  Now, 
if  from  any  cause  the  velocity  of  the  current  be  dotcbled,  since  mo- 
mentum or  force  is  equal  to  quantity  of  matter  multiplied  by  velocity 
(J/  =  ^  X  V),  the  force  of  the  current  will  be  quadrupled,  for  there 
will  be  double  the  quantity,  of  water  striking  the  pier  in  a  given  time 
with  double  the  velocity.  If  the  velocity  of  the  current  be  trebled, 
there  will  be  three  times  the  quantity  of  matter  striking  with  three 
times  the  velocity,  and  the  force  will  be  increased  nine  times.  If  the 
velocity  be  quadrupled,  the  force  is  increased  sixteen  times,  and  so  on. 

Next,  if  the  velocity  of  the  current  remains  constant,  while  the  size 
of  the  opposing  obstacle  varies,  then  evidently  tlie  force  of  the  current 
will  vary  as  the  opposing  siirface:  if  the  opposing  surface  is  doubled, 
the  force  is  doubled  ;  if  trebled,  the  force  is  trebled,  etc.  But  in  similar 
figures,  surfaces  vary  as  the  square  of  the  diameter.  Therefore,  in  this 
case,  force  varies  as  diameter  squared  :  oc  d~  (2).  Therefore,  when 
both  the  velocity  of  the  current  and  the  size  of  the  stone  or  other 
obstacle  va7y,  then  the  force  varies  as  the  square  of  the  velocity  of 
the  current  multiplied  by  the  square  of  the  diameter  of  the  stone : 
Focv^X  d"  (3). 

This  last  equation  gives  the  law  of  variation  of  the  moving  force. 
But  the  resistance  to  be  overcome,  or  the  weight  of  the  stone,  varies 
as  the  cube  of  the  diameters  :  W  oc  d^.    We  have,  therefore,  both  the 

law  of  the  moving  force  and  the  law  of  the  resistance  :  |  ^^^3^ 

Now  the  case  we  wish  to  consider  is  that  in  which  the  cu,rrent  is  just 
able  to  move  the  stone,  or  when  F  (x  W.  In  this  case  d^  oc  X  d^, 
or  d  oc  V-.  Substituting,  in  the  third  equation,  for  d  its  value, 
Fccv^Xv*  =  v^.  We  place  these  equations  together,  so  that  they 
may  be  better  understood  : 

When  surface  =  constant       .       .       .   /a  (1) 


When  velocity  =  constant 
When  both  vary 

But  

And  when  W  <x  F,  then . 
Dividing  by 
Substituting  in  3  . 
Or  . 


/'  a  (2) 

i'^  a  X  rf»  (3) 

W  a  (4) 

<xv'  X  d^ 
d  <x 

F  (X  ti'  X  v* 
Focv' 
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That  is,  the  transporting  power  of  a  current  or  the  weif/ht  of  the  largest 
fragment  it  can  carry,  varies  as  the  sixth  power  of  the  velocity.  This 
seems  so  extraordinary  a  result  that,  before  accepting  it,  we  will  try  to 
make  it  still  clearer  by  an  example. 

Let  a  (Fig.  12)  represent  a  cubic  inch  of  stone,  which  a  current  of 
a  certain  velocity  will  just  move.    Now,  the  proposition  is  that,  if  the 

velocity  of  the  current  be  doubled,  it  will 
move  the  stone  h,  sixty-four  times  as  large. 
That  it  would  do  so  is  evident  from  the 
fact  that  the  opposing  surface  of  b  is  sixteen 
times  as  great  as  that  of  a,  and  the  moving 
force  would  be  increased  sixteen  times  from 
this  cause.  But  the  velocity  being  double, 
as  we  have  already  seen,  the  force  against 
every  square  inch  of  b  will  now  be  four  times 
that  previously  against  a,  and,  therefore,  the 
whole  force  from  these  two  causes  would 
be  16  X  4  =  64  times  as  great.  But  the 
weight  is  also  sixty-four  times  as  great; 
therefore,  the  current  would  be  just  able  to  move  it.  We  may  accept 
it,  therefore,  as  a  law,  that  the  transporting  power  varies  as  the  sixth 
power  of  the  velocity.  If  the  velocity,  therefore,  be  increased  ten 
times,  the  transporting  power  is  increased  1,000,000  times. 

We  have  seen  that  a  current  running  three  feet  per  second,  or  about 
two  miles  per  hour,  will  move  fragments  of  stone  of  the  size  of  a  hen's 
egg,  or  about  three  ounces'  weight.  It  follows  from  the  above  law  that 
a  current  of  ten  miles  an  hour  will  carry  fragments  of  one  and  a  half 
ton,  and  a  torrent  of  twenty  miles  an  hour  will  carry  fragments  of  100 
tons'  weight.  We  can  thus  easily  understand  the  destructive  effects  of 
mountain-torrents  when  swollen  by  floods. 

The  transporting  power  of  water  must  not  be  confounded  with  its 
erosive  jDOwer.  The  resistance  to  be  overcome  in  the  one  case  is  ireight, 
in  the  other  cohesion  ;  the  latter  varies  as  the  square,  the  former  as  the 
sixtJi  power  of  the  velocity.  In  many  cases  of  removal  of  slightly  co- 
hering material  the  resistance  is  a  mixture  of  these  two  resistances, 
and  the  power  of  removing  material  will  vary  at  some  rate  between 
v^  and 

There  are  certain  corollaries  which  follow  from  the  above  law : 
A.  If  a  current  bearing  sediment  have  its  velocity  checked  by  any 
cause,  even  in  a  slight  degree,  a  comparatively  large  portion  of  the  sedi- 
ment is  immediately  deposited.  But  if,  on  the  other  hand,  the  velocity 
of  a  current  be  increased  by  any  cause,  in  never  so  small  a  degree,  it 
will  again  take  up  and  carry  on  materials  which  it  had  deposited ;  in 
other  words,  it  will  erode  its  bed  and  banks ;  and  these  effects  are  sur- 
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prisiugly  large  on  account  of  the  great  change  in  erosive  and  transport- 
ing power,  with  even  slight  changes  of  velocity. 

B.  Water,  whether  still  or  running,  has  a  wonderful  power  of  sort- 
ing materials.  If  heterogeneous  material,  such  as  ordinary  earth,  con- 
sisting of  grains  of  all  sizes,  from  pebbles  to  the  finest  clay,  be  thrown 
into  still  'Water,  the  coarse  material  sinks  first  to  the  bottom,  and  then 
the  next  finer,  and  the  next,  and  so  on,  until  the  finest  clay,  falling 
last,  covers  the  whole.  In  running  loater  the  same  sorting  takes  place 
even  more  perfectly,  only  the  different  kinds  of  materials  are  not 
dropped  upon  one  another,  but  successively  farther  and  farther  down 
the  stream  in  the  order  of  their  fineness.  This  property  we  call  the 
sorting  potoer  of  tvater.  Advantage  is  often  taken  of  this  property  in 
the  arts  to  separate  materials  of  different  sizes  or  specific  gravities.  By 
this  means  grains  of  gold  are  separated  from  the  gravel  with  which 
it  is  mingled,  and  emery  or  other  powders  are  separated  into  various 
degrees  of  fineness. 

We  will  now  apply  the  foregoing  simple  principles  in  the  explana- 
tion of  all  the  phenomena  of  currents. 

1. — Relation  of  Current  -  Velocity  to  Erosion  and  Sedimentation. 

The  force  of  a  current  is  consumed  in  two  ways,  viz.,  by  transpor- 
tation and  erosion.  If  the  current  is  full-loaded,  its  whole  force  is 
consumed  in  transportation  and  none  is  left  over  for  erosion.  Such  a 
river  will  neither  erode  nor  deposit.  If  nnder-loaded,  the  river  will 
erode ;  if  overloaded,  it  will  deposit.  Thus  a  current  of  pure  water 
will  erode  but  little,  because  it  carries  no  graving-tools.  If  we  add 
sand  and  gravel,  the  erosion  will  increase  to  a  maximum,  beyond  which 
it  again  decreases,  because  more  and  more  force  is  consumed  in  carry- 
ing, and  less  and  less  is  left  over  for  erosion  ;  until  finally,  in  the  full- 
loaded  stream,  erosion  ceases  and  sedimentation  begins.  Thus  the 
Platte  and  Colorado  Rivers  have  about  the  same  slope  and  velocity; 
but  while  the  Colorado  is  deepening  its  channel,  the  Platte,  on  the 
whole,  remains  about  the  same  level,  sometimes  cutting,  sometimes 
depositing.  The  Colorado  is  under-loaded,  the  Platte  full-loaded. 
Again  :  the  Feather  River,  during  floods,  is  overloaded,  and  builds  up 
by  deposit.  During  low  water  it  scours  out  what  was  previously  de- 
posited, even  though  its  velocity  is  much  less. 

2. — Rivers  as  Indicators  of  Crust- Movements. 

The  level  at  which  a  river  neither  cuts  nor  deposits  is  called  its 
base-level.  Every  river  is  seeking  this  level.  If  above  it,  it  seeks  it 
by  cutting;  if  below  it,  it  seeks  it  by  building  up  by  sedimentation. 
Rivers  thus  become  delicate  indicators  of  up  or  down  movements  of 
land -surfaces.    Suppose  a  continent  to  rise  gradually  and  then  remain 
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Fig.  13.- 


-Ideal  Section  across  Grand  Cafion  (after  Button) : 
aa,  inner  gorge;  bb,  outer  cafion  walls. 


steady ;  all  the  rivers  would  immediately  increase  their  velocity  and 
begin  to  cut.  Now,  in  making  the  resulting  gorge,  two  processes  are 
going  on,  viz.,  a  cutting  downward  by  the  river,  and  a  widening  out  by 
clili'-crumbling  and  rain- wash.  A  V-shaped  caiion  is  thus  u.sually 
formed,  whose  shape,  whether  sharp  or  wide,  will  depend  on  the  relative 
rate  of  these  two  processes.  They  would  continue,  however,  to  cut  deep- 
er and  deeper,  until  they 
finally  reached  their  base- 
level.*  Then  they  would 
cut  no  deeper,  but  sweep 
from  side  to  side,  widen- 
ing their  channels.  Mean- 
while, rain  -  wash  would 
continue  to  cut  down  their  divides  until  the  whole  is  reduced  to  a  gently 
undulating  surface  called  a  peneplain."  Thus  wide  channels  and 
low  divides,  or  rounded  and  sweeping  curves,  are  very  characteristic  of 
old  topography,  while  deep  and  narrow  gorges  and  canons  are  a  sign 
of  recent  elevg,tion,  and  therefore  comparatively .  neiv  topography. 
Moreover,  successive  movements  are  each  faithfully  recorded.  Thus 
Fig.  13,  which  is  a  section  across  the  Grand  Canon  of  the  Colorado, 
shows  the  following  events:  1.  The  plateau  region  was  raised  and  the 
river  cut  down  3,000  feet,  and  reached  its  base-level.  2.  The  river 
sweeping  from  side  to  side,  and  the  crumbling  of  the  cliffs,  gradually 
widened  the  canon  to  its  width  in  the  upper  part,  i  b.  3.  Another  rise 
occurred,  and  the  river  again  cut  3,000  feet  more,  and  made  the  inner 
gorge,  a  a.  This  second  rise  is  so  recent  that  the  river  has  not  yet 
reached  its  base-level.  Thus  there  is  a  regular  cycle  of  topography, 
which  may  be  compared  to  infancy,  youth,  maturity,  decline,  and 
death. 


Fio  14.   Generalized  Section  across  the  Missipsippi  River:  r"  r"  r".  old  bed;  r'  r',  second  bed;  r, 
present  bed;  d' d',  old  deposits;  rf  rf,  present  deposits. 

On  the  other  hand,  suppose  a  continent,  by  sinking,  carries  its 
river-beds  below  their  base-level :  then  the  decreasing  slope  will  check 
the  velocity  of  the  current,  and  the  rivers  will  immediately  begin  to 
build  up  again  by  sedimentation  until  they  again  reach  their  base-level. 


*  This,  however,  would  be  only  a  temporary  base-level  depending  on  the  amount  of 
wash  in  the  upper  part  of  the  river.    The  final  base-level  is  of  course  the  sca-levcl. 
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For  example,  in  the  Mississippi  River  the  following  events  are  recorded  : 
1.  A  higher  condition  of  land,  during  which  it  reached  its  base-level? 
and  formed  the  broad  trough  r"  r"  r".  2.  A  subsidence  of  land  and  a 
building  up  by  sedimentation  d'  to  the  level  II.  3.  A  partial  re-eleva- 
tion and  a  cutting  down  200  feet,  to  the  level  r'  r'.  4.  A  resinking 
and  building  by  alluvial  deposit  d  of  about  50  feet.  Thus,  while  on 
coast-lines,  old  sea-margins  are  indicators  of  crust  movements,  in  the 
interior  of  continents  river-channels  may  be  used  for  the  same  purpose. 

3. — Stratification. 

"We  have  seen  that  heterogeneous  material  thrown  into  still  water  is 
completely  sorted.  This  is  not  stratification,  since  the  various  degrees 
of  fineness  graduate  insensibly  into  one  another.  But,  if  we  repeat  the 
experiment,  the  coarsest  material  will  fall  upon  the  finest  of  the  previ- 
ous experiment,  and  then  graduate  similarly  upward.  If  we  examine 
the  deposit  thus  made,  we  observe  a  distinct  line  of  junction  between 
the  first  and  the  second  deposit.  This  is  stratification,  or  lamination. 
For  every  repetition  of  the  experiment  a  distinct  lamina  is  formed. 
It  is  evident,  therefore,  that  to  produce  stratification  two  conditions 
are  necessary,  namely :  1.  An  heterogeneous  material ;  and,  2.  An 
intermittently  acting  cause.  Now,  these  two  conditions  are  always 
present  in  Nature  where  sediments  are  depositing.  Into  every  body 
of  still  ivater,  as  a  lake  or  sea,  rivers  bring  heterogeneous  material 
torn  from  the  land ;  but  this  process  is  not  equable,  being  increased 
in  the  case  of  small  streams  by  every  rain,  and  in  large  rivers  by  the 
annual  floods.  Therefore,  sedimentary  deposits  in  still  water  are 
always  stratified. 

In  running  water  the  case  is  somewhat  different.  If  the  stream 
runs  with  a  velocity  at  all  times  the  same,  then  with  every  repetition 
of  the  foregoing  experiment  the  same  kind  of  material  falls  on  the 
same  spot — gravel  on  gravel,  sand  on  sand,  and  mud  on  mud — and 
there  will  be  no  stratification.  In  running  water,  therefore,  another 
condition  is  necessary,  namely,  a  variable  current.  For,  when  the 
velocity  increases,  coarser  material  will  be  carried  and  deposited  where 
finer  was  previously  deposited  ;  when  the  velocity  decreases,  finer  will 
be  deposited  on  coarser,  and  very  perfect  stratification  is  the  result 
Now,  these  three  conditions  are  always  present  in  every  natural  cur- 
rent. The  velocity  of  every  river-current  varies  not  only  very  greatly 
in  different  portions  of  the  year,  as  in  seasons  of  low  water  and  seasons 
of  flood,  but  also  (from  the  constant  shifting  of  the  subordinate  cur- 
rents of  the  stream)  from  day  to  day,  from  hour  to  hour,  and  even 
from  moment  to  moment.  It  follows,  therefore,  that  deposits  in  run- 
ning water  are  also  always  stratified.  Sometimes  extreme  beauty  and 
distinctness  of  stratification  in  the  deposits  of  large  rivers  are  due  to 
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the  fact  that  the  different  branches  flood  at  different  seasons,  and  bring 
down  differently  colored  sediments. 

We  may,  therefore,  announce  it  as  a  law,  that  all  sedimentary  de- 
posits are  stratified;  and,  conversely,  that  all  stratified  masses  in 
tvhich  the  stratification  is  the  result  of  sorted  material  are  sedimentary 
in  their  origin.  Upon  this  law  is  founded  almost  all  geological  .rea- 
soninsr. 

4. —  Winding  Course  of  Rivers. 

The  winding  course  of  rivers  is  due  partly  to  erosion  and  partly  to 
sedimentary  deposit.  It  is  most  conspicuous  and  most  easily  studied 
in  rivers  which  run  through  extensive  alluvial  deposit.  If  the  chan- 
nel of  such  a  river  be  made  perfectly  straight  by 
artificial  means,  very  soon  some  portion  of  the 
bank  a  little  softer  than  the  rest  will  be  excavated  ; 
this  will  reflect  the  current  obliquely  across  to  the 
other  side,  which  will  become  similarly  excavated. 
Thus  the  current  is  reflected  from  side  to  side, 
increasing  the  excavations.  In  the  mean  time, 
while  erosion  is  progressing  on  the  other  side  of 
the  curves,  because  the  current  is  swiftest  there, 
deposit  is  taking  place  on  the  inner  side,  because 
there  the  current  is  slowest :  thus,  while  the  outer 
curve  extends  by  erosion,  the  inner  curve  extends, 
pari  passu,  by  deposit  (Fig.  15),  and  the  winding 
continues  to  increase,  until,  under  favorable  cir- 
cumstances, contiguous  curves  on  the  same  side 
run  into  each  other,  as  at  a  b,  and  the  curve  c  on 
the  other  side  is  thrown  out  and  silted  up.  Thus 
are  formed  the  crescentic  lakes  or  lagoons  (I  I)  so 
common  in  the  swamps  of  great  rivers.  They  are 
abundant  in  the  swamps  of  all  the  Gulf  rivers, 
especially  the  Mississippi.  They  are  old  beds  of 
the  river,  thrown  out  and  silted  up  in  the  manner 
indicated  above. 

5. — Flood-Plain  Deposits. 

All  great  rivers  annually  flood  portions  of  level 
land  near  their  mouths,  and  cover  them  with  sedi- 
mentary deposits.  The  whole  area  thus  flooded 
is  called  the  flood-plain.  These  flood-plains  are  very  extensive,  and 
the  deposits  very  large,  in  the  case  of  rivers  rising  in  lofty  moun- 
tains and  flowing  in  the  lower  portion  of  their  course  through  exten- 
sive tracts  of  flat  country.  In  the  lofty  mountains  the  current  runs 
with  great  velocity,  and  gathers  abundant  sediment ;  on  reaching  the 


Fio.  15. — Three  Successive 
Stages  of  a  Meandering 
River. 
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flat  country  the  velocity  is  checked,  the  river  overflows,  and  the  sedi- 
ment is  deposited.  The  flood-plain  of  the  Mississippi  Kiver  is  30,000 
square  miles.    The  flood-plain  of  the  Nile  is  the  whole  land  of  Egypt. 

The  flood-plain  of  a  river  may  be  divided  into  two  parts,  viz.,  the 
river-swamp  and  tlie  delta.  The  river-swamp  is  that  part  which  Avas 
originally  land-surface  ;  the  delta,  that  part  which  has  been  reclaimed 
from  the  sea  or  lake  by  the  river.    We  will  take  up  these  in  succession. 

River-Swamp. — We  have  already  seen  that,  with  every  recurrence 
of  the  rainy  season  or  of  the  melting  of  snows,  the  flooding  and  the 
deposition  of  sediment  are  repeated.  Thus  the  river-swamp  deposit 
increases  in  thickness,  and  the  level  of  the  whole  flood-plain  rises  con- 
tinually.   Fig.  16  is  an  ideal  section  showing  the  manner  in  which  the 


 CL  

Fig.  1G.— Ideal  Section  of  a  River  subject  to  Floods. 


flood-plain  is  successively  built  up  :  a  a  a  is  the  supposed  original  con- 
figuration of  the  surface,  b  b  the  successive  levels  of  deposit,  e  the  level 
of  the  river  at  low  water,  and  i  i  the  level  of  flood-water. 

The  extent  of  such  river-swamp  deposits  is  sometimes  very  great. 
The  river-swamp  of  the  Nile  constitutes  the  whole  fertile  land  of  Egypt 
above  the  delta.  The  river-swamp  of  the  Mississippi  River,  or  its 
flood-plain  exclusive  of  the  delta,  extends  from  flfty  miles  above  the 
mouth  of  the  Ohio  to  the  head  of  the  delta«,.  a  distance  of  about  flve 
hundred  miles ;  its  average  width  is  over  thirty  miles,  and  it  includes 
ah  area  of  16,000  square  miles.  It  is  bounded  on  either  side  by  high 
bluffs  belonging  to  a  previous  geological  period.  The  depth  of  this 
deposit  at  the  head  of  the  delta  is  assumed  by  Lyell  to  be  264  feet.* 
But  Hilgard  has  shown  that  but  a  small  portion  of  this  is  alluvium  or 
river  deposit  of  the  present  epoch. 

Natural  Levees. — It  is  seen  by  the  cross-section  (Fig.  16)  that  the 
level  of  the  river-swamp  slopes  gently  from  the  river  outward,  so  that 
the  river  is  bounded  on  each  side  by  a  higher  ridge,  d  d.  The  material 
of  this  ridge  is  coarser  than  that  of  the  swamp  farther  back.  Such 
nrUural  levees  are  found  along  all  rivers  subject  to  regular  overflows. 
They  are  formed  as  follows  :  In  times  of  flood  the  whole  flood-plain  is 
covered  with  water  moving  slowly  seaward.  Through  the  midst  of 
this  wide  expanse  of  water  runs  the  rapid  current  of  the  river.  Now, 
on  either  side,  just  where  the  rapid  current  of  the  river  comes  in  con- 


*  Lyoll,  Principles  of  Geology,  vol.  i,  p.  402. 
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tact  with  the  comparatively  still  water  of  the  flood-plain,  and  is  checked 
by  it,  IX  line  of  abundant  sediment  is  determined,  which  forms  the  natu- 
ral levee.  Except  in  very  high  freshets,  these  natural  ridges  are  not 
entirely  covered,  so  that  the  river  in  ordinary  floods  is  often  divided 
into  three  streams,  viz.,  the  river  proper  and  the  river-swamp  water  on 
either  side.  They  can  not,  however,  confine  the  river  within  its  bank 
and  prevent  overflows,  since  the  river-bed  is  also  constantly  rising  by 
deposit.  Thus  the  river-bed,  the  natural  levee,  and  the  river-swamp, 
all  rise  together,  maintaining  a  certain  constant  relation  to  one  an- 
other. 

Artificial  Lev6es. — This  constant  relation  is  interfered  with  by  the 
construction  of  artificial  levees.  These  are  constructed  for  the  purpose 
of  confining  the  river  within  its  banks,  and  thus  reclaiming  the  fertile 
lands  of  the  river-swamp.  As  the  bed  of  the  river  continues  to  rise 
by  deposit,  the  levees  must  be  constantly  elevated  in  proportion;  but 
the  river-swamp,  being  deprived  of  its  share  of  deposit,  does  not  rise. 
Thus, under  the  combined  eifect  of  human  and  river  agencies  contend- 
ing for  mastery,  an  ever-increasing  embankment  is  formed,  until  finally 
the  river  runs  in  an  aqueduct  elevated  far  above  the  surrounding  plain. 
This  is  very  remarkably  the  case  with  the  river  Po,  which  is  said  to  run 
in  a  channel  that  has  been  thus  elevated  above  the  tops  of  the  houses 
in  the  town  of  Ferrara.    Fig.  17  is  an  ideal  cross-section  of  a  river  and 
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flood-plain,  left  at  first  to  the  action  of  natural  causes  for  a  time,  but 
afterward  interfered  with  by  the  construction  of  artificial  levees.  The 
dotted  strata  show  the  work  of  Nature,  and  the  undotted  the  work  of 
man.  It  is  easy  to  see  that  the  destructive  effects  of  overflow  from 
accidental  crevasses  become  greater  and  greater  with  the  elevation. 
The  Po  has  thus  several  times  broken  through  its  levies  and  deserted 
its  bed,  destroying  several  villages.  The  best  examples  of  rivers  suc- 
cessfully leveed  are  those  of  Italy  and  Holland.  In  the  case  of  Holland 
t!ie  situation  is  still  worse,  for,  on  account  of  the  sinking  of  the  land, 
the  sea  must  be  diked  out  as  well  as  the  rivers.  Here,  then,  we  have 
a  case  the  extreme  opposite  of  that  which  we  saw  in  the  plateau  region 
(p.  17).  In  the  one  case  we  have  a  river-system  running  far  hclow,  in 
the  other  far  above  the  gcnei-al  level.  In  botli  cases  the  rivers  are  seek- 
ing their  base-levels — in  the  one  case  by  cuttiug,  because  the  country 
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is  rising  ;  in  the  other  by  deposit,  because  the  country  is  sinking.  The 
Mississippi  has  never  been  successfully  leveed ;  but,  if  it  should  be,  it 
would  commence  to  build  up  a  similar  aqueduct,  until  the  whole  bed 
of  the  river  would  finally  rise  above  the  level  of  the  river-swamp.* 

6. — Deltas. 

Deltas  are  portions  of  land  situated  at  the  mouths  of  rivers,  and 
reclaimed  from  the  sea  hy  their  agency.  Over  the  flat  surface  of  the 
delta  the  river  runs  by  inverse  ramification,  and  empties  by  many 
mouths.  They  are  usually  of  irregular  triangular  form,  the  apex  of 
the  triangle  pointing  up  the  stream.    The  delta  of  the  Nile  (Fig.  18) 


Fig.  18.— Delta  of  the  Nile. 


is  perhaps  the  best  example  of  the  typical  form.  As  seen  in  the  figure, 
at  the  head  of  the  delta  the  river  divides  into  branches,  and  communi- 
cates with  the  sea  by  many  mouths.  The  area  of  land  thus  made  va- 
ries with  the  size  of  the  river,  the  proportion  of  sediment  in  its  waters, 
and  the  time  it  has  been  making  sedimentary  accumulations.  The 
delta  of  the  Nile  is  100  miles  long  and  200  miles  wide  at  its  base ;  that 
of  the  Ganges  and  Brahmapootra  is  220  miles  long  and  200  miles  wide 
at  its  base,  comprising  an  area  of  20,000  square  miles.  The  delta  of 
the  Mississippi  (Fig.  19)  is  very  irregular  in  form,  and  is  an  admirable 


*  It  is  probnble  that  the  effect  of  levdes  in  raising  tVie  river-bed  hns  been  greatly  ex- 
afrgoratcd.  Recent  observations  on  tlie  Po  seem  to  sliow  tliat  the  elevation  is  confined 
to  the  upper  mnchca  of  the  flood-plain  region,  being  prevented  in  the  lower  course  by 
the  increased  velocity  of  the  current  produced  by  Icv6e3. 
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illustration  of  the  mcanner  in  which  each  mouth  pushes  its  way  into 
the  sea.  Its  area  is  estimated  at  12,300  square  miles.  The  materials 
of  which  deltas  are  composed  are  usually  the  finest  sands  and  clays,  all 
the  coarser  materials  having  been  deposited  higher  up  the  stream. 

Deltas  are  formed  only  in  lakes  and  tideless  or  nearly  tideless  sens. 
In  tidal  seas,  the  sediments  brought  down  by  the  rivers  are  swept 
away  and  carried  to  sea  by  the  retreating  tide ;  and  instead  of  the  land 
encroaching  upon  the  domain  of  the  sea  by  the  formation  of  deltas, 
the  sea  encroaches  upon  the  land  by  the  erosive  action  of  the  tides,  and 


Fig.  19.— Delta  of  the  MississippL 


forms  bays  or  estuaries.  Thus  in  tideless  seas  or  lakes  the  rivers  empty 
by  many  slender  mouths,  while  in  tidal  seas  they  empty  by  wide  bays : 
thus,  for  example,  all  the  rivers  emptying  into  the  great  Canadian 
lakes,  and  all  the  rivers  emptying  into  the  Gulf  of  Mexico,  form 
deltas,  while  all  the  rivers  emptying  into  the  Atlantic  in  both  North 
and  South  America  form  estuaries.  In  Europe  all  the  rivers  emptying 
into  the  Black,  the  Caspian,  the  Mediterranean,  and  the  Baltic,  form 
deltas,  while  those  emptying  into  the  Atlantic  form  estuaries. 

Process  of  Formation. — The  process  of  formation  of  a  delta  may 
be  best  studied  by  observing  it  on  a  small  scale,  in  the  case  of  stream- 
lets running  into  ponds.  In  such  cases  we  observe  always  a  sand  or 
mud  flat  at  the  mouth  of  the  .streamlet,  evidently  formed  by  the  sand 
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and  clay  brought  down  by  the  current.  As  soon  as  the  current  strikes 
the  still  water  of  the  pond,  its  velocity  is  checked,  and  its  burden  of 
sediment  is  deposited.  Through  the  sand-flat  thus  formed  the  stream- 
let ramifies,  as  seen  in 
Fisf.  20.  The  ramiflca- 
tiou  seems  to  be  the  re- 
sult of  the  choking  of 
the  stream  by  its  own 
deposit,  which  forces  it 
to  seek  new  channels. 
The  sand-flat  is  gradu- 
ally extended  farther  and  farther  into  the  pond  by  successive  deposits, 
as  shown  in  Fig.  20.  Fig.  21  shows  the  irregular  stratified  appearance 
of  the  deposits  as  seen  on  cross-section.  In  all  such  cases  of  streams 
flowing  into  ponds  or  lakes,  the  stream  flows  in  at  a  muddy,  but  flows 
out  at  b  comparatively  clear,  having  deposited  much  of  its  sediment  in 
the  pond  or  lake.  Evidently  if  this  process  continues  without  interi'up- 
tion,  the  pond  will  eventually  be  filled  up,  after  which,  of  course,  the 
sediment  will  be  carried  farther  down  the  stream.  In  this  manner 
small  mountain-lakes  are  often  entirely  filled  up.  The  Khone  flows 
into  Lake  Geneva  a  turbid  stream,  but  flows  out  beautifully  transparent. 
The  whole  of  its  sediment  is  de^Dosited  where  it  enters  the  lake,  and  it 
has  there  formed  a  delta  six  miles  long.  We  may  confidently  look  for- 
ward to  the  time,  though  many  thousand  years  distant,  when  this  lake 
will  be  entii'ely  filled  up.  After  leaving  the  lake  the  Rhone  again  gath- 
ers sediment  from  tributaries  flowing  in  below  the  lake,  and  forms 
another  delta  where  it  empties  into  the  Mediterranean.  Many  exam- 
ples of  lakelets  partially  flUed,  or  entirely  filled  and  converted  into 
meadows,  are  found  among  the  Sierra  Mountains.  If  lakes  are  drained 
away  or  dried  away,  old  deltas  are  found  on  the  slopes  at  the  level  of 
their  old  margins.  Many  such  are  seen  about  Great  Salt  Lake.  These 
might  be  called  fossil  deltas. 


Fio.  21. 

In  the  section  view  (Pig.  21)  we  have  represented  the  strata  as 
irregular  and  highly  inclined.  This  is  called  oblique  lamination.  This 
can  only  occur  when  a  rapid  stream,  bearing  abundant  coarse  material, 
rushes  into  still  water.  But,  in  the  case  of  large  rivers  flowing  long 
distances  and  bearing  only  the  finest  sediment,  the  stratification  is 
much  more  regular  and  nearly  horizontal. 
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Rate  of  Growth. — There  have  been  several  attempts  to  estimate  the 
rate  of  growth  of  deltas,  in  order  to  base  thereon  an  estimate  of  their 
age.  The  delta  of  the  Ehone  in  Lake  Geneva  has  advanced  at  least 
one  and  a  half  mile  since  the  occupation  of  that  country  by  the  Romans ; 
for  the  ancient  town  Portus  ValesiiB  (now  Port  Valais),  which  stood  then 
on  the  margin  of  the  lake,  is  now  one  and  a  half  mile  inland.  The 
delta  of  the  same  river  at  its  mouth  in  the  Mediterranean  is  said  to 
have  advanced  twenty-six  kilometres,  or  sixteen  miles,  since  400  B.  c, 
or  thirteen  miles  during  the  Christian  era.*  The  delta  of  the  Po  has 
advanced  twenty  miles  since  the  time  of  Augustus  ;  for  the  town  Adria, 
a  seaport  at  that  time,  is  now  twenty  miles  inland.  But  the  most  elab- 
orate observations  have  been  made  on  the  Mississippi.  This  river,  as 
seen  in  Fig.  19,  has  pushed  its  way  into  the  Gulf  in  a  most  extraor- 
dinary manner.  According  to  Thomassy,f  and  also  Humphrey  and 
Abbot,  the  rate  of  advance  is  about  one  mile  in  sixteen  years.  The 
rate  of  progress  in  the  deltas  mentioned  has,  however,  probably  not 
been  uniform.  There  are  special  reasons  for  their  more  rapid  advance 
at  the  present  time.  In  the  case  of  the  Po,  the  successful  leveeing  of 
this  river  has  transferred  to  the  sea  the  whole  of  the  sediment  which 
would  otherwise  have  been  spread  over  the  flood-plain.  In  the  case  of 
the  Mississippi,  for  many  centuries  the  principal  portion  of  the  deposit 
has  been  confined  to  a  narrow  strip  but  a  few  miles  wide,  and  the  ad- 
vance has  been  proportionately  rapid.  For  this  reason  the  river  has 
run  out  to  sea  for  more  than  fifty  miles,  confined  only  by  narrow  strips 
of  land,  the  continuation  of  the  natural  levees.  These  marginal  ridges 
are  continued  as  submarine  banks  even  much  beyond  the  present 
mouths  of  the  river.  The  rate  of  advance  of  the  Nile  delta  seems  to  be 
much  slower. 

Age  of  River-Deposits. — The  age  of  river-swamp  deposits  may  be 
estimated  by  determining  their  absolute  thickness  and  their  rate  of 
increase.  The  river  Nile  is  peculiarly  adapted  for  estimates  of  this 
kind,  because  we  have  on  its  alluvial  deposits  the  seat  of  the  oldest 
civilization  and  the  oldest  known  monuments  of  human  art.  These 
monuments,  the  ages  of  which  are  approximately  known,  are  many 
of  them  more  or  less  buried  in  the  river-deposit.  At  Memphis,  the 
foundation  of  the  colossal  statue  of  Rameses  II,  over  3,000  years  old, 
was  found  in  1854,  buried  about  nine  feet  in  river-deposit. J  This 
makes  the  rate  of  increase  of  the  deposit  three  and  a  half  inches  per 
century.  Experiments  at  Heliopolis  bring  out  nearly  the  same  result. 
The  whole  depth  of  the  alluvial  deposit  at  Memphis  was  found  to  be 
about  forty  feet,  which,  at  the  above  rate,  would  make  the  age  of  the 


*  Archives  des  Sciences,  vol.  li,  p.  167.         +  G6ologie  pratique  de  la  Louisiane. 
X  Philosophical  Magazine,  vol.  xvi,  p.  225. 
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deposit  at  this  point  about  13,500  years.  But  this  all  belongs  to  the 
human  epoch,  for  briclvs  have  been  found  beneath  the  lowest  part. 
Tlie  alluvial  deposit  of  the  Nile  is  much  thicker  at  some  points  than 
forty  feet :  but,  on  the  other  hand,  the  rate  of  increase  for  different 
places  is  probably  variable. 

The  age  of  a  delta  is  usually  estimated  by  dividing  the  cubic  con- 
tents of  the  delta  by  the  annual  mud-discharge.    The  cubic  contents 


Fig.  28. — Ideal  Section  of  Delta  and  Submarine  Bank. 

of  the  delta  are  estimated  by  multiplying  the  superficial  area  by  the 
mean  depth.  The  mean  depth  of  the  Mississippi  delta,  as  determined 
by  borings,  is  taken  by  Mr.  Lyell  as  628  feet,  the  superficial  area  at 
13,600  square  miles,  and  the  annual  mud-discharge  at  7,400,000,000 
cubic  feet.  Upon  these  data  he  makes  the  probable  age  of  the  delta 
33,500  years.  To  this  he  adds  half  as  much  for  the  age  of  the  river- 
swamp,  making  in  all  50,000  years. 

It  is  evident,  however,  that  this  estimate  can  not  be  relied  on  as 
even  approximately  accurate.  For  there  is  no  reason  why  the  time  of 
river-swamp  deposit  should  be 
added  to  that  of  the  delta,  for 
they  were  both  probably  formed 
at  the  same  time — one  by  de- 
posits higher  up  the  river,  the 
other  by  deposits  at  the  mouth. 
Again,  on  the  other  hand,  the 
estimate  takes  no  account  of 
the  suhmarine  extension  of  the 
delta,  in  area  certainly,  and  in 
cubic  contents  probably,  much 
greater  than  the  subaerial  delta. 
Figs.  23  and  23  are  an  ideal 
section  and  a  map  of  a  delta  in 
which  a  is  the  aerial  and  i 
the  submarine  portion.  This 
would  greatly  increase  the  time. 

It  is  evident,  therefore,  that  although  the  problem  is  one  of  great 
mterest,  Ave  are  not  yet  in  possession  of  data  to  make  a  reliable  estimate. 
Every  estimate,  however,  indicates  a  very  great  lapse  of  time. 

But  it  must  not  be  imagined,  as  all  estimaters  seem  to  do,  that  this 
time,  be  it  greater  or  less  than  Mr.  Lyell's  estimate,  belongs  all  to  the 
present  geological  epoch.     Prof.  Hilgard  has  shown  that  the  true 


Fig.  23.— Delta  and  Submarine  Bank. 
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alluvial  deposit  of  tlie  Mississippi  is  only  fifty  lo  one  hundred  feet  thick. 
Beneath  this  the  deposit  belongs  to  the  Quaternary  or  preceding  geo- 
logical epoch. 

7. — Estuaries. 

We  have  already  seen  that  rivers  which  empty  into  tideless  seas 
communicate  with  the  sea  by  numerous  branches  traversing  an  alluvial 
flat,  formed  by  the  deposits  of  the  river;  while  rivers  emptying  into 
tidal  seas  communicate  by  wide  mouths  or  bays,  formed  by  the  erosive 
action  of  the  flowing  and  ebbing  tide.  Such  bays  are  called  estuaries. 
"We  have  fine  examples  of  estuaries  in  the  Amazon  and  La  Plata  Rivers, 
in  the  Delaware  and  Chesapeake  Bays,  in  the  friths  of  Scotland  and  the 
flords  of  Norway ;  in  fact,  at  the  mouths  of  all  the  rivers  emptying  into 
the  Atlantic  on  our  own  coast  as  well  as  on  the  European  coast.  The 
mouth  of  the  Columbia  River  is  a  good  example  on  the  Pacific  coast. 
The  phenomena  of  a  delta  and  an  estuary  are  sometimes  combined  in 
the  same  river.    This  is  the  case  to  some  extent  in  the  Ganges. 

Mode  of  Formation. — Estuaries  are  evidently  formed  by  the  erosive 
action  of  the  inflowing  and  outflowing  tide.  Their  shape,  narrow  above 
and  widening  toward  the  sea,  gives  great  force  to  the  tidal  current, 
which,  entering  below  and  concentrated  in  the  ever-narrowing  channel,' 
rushes  along  with  prodigious  velocity  and  rises  to  an  immense  height. 
In  the  Bay  of  Fundy  the  tide  rises  seventy  feet,  and  at  Bristol,  Eng- 
land, it  rises  forty  feet,  in  Puget  Sound  twenty-five  feet.  Sometimes, 
from  obstructions  at  the  mouth  of  the  river,  the  tide  enters  as  one  or 
more  immense  waves,  rushing  along  like  an  advancing  cataract.  This 
is  called  an  eagre  or  hore.  The  finest  examples  are  perhaps  in  the 
Amazon  and  Tsien-tang  Rivers.  In  the  eagre  of  the  Amazon  "  the 
tide  passes  up  in  the  form  of  three  great  waves,  thirteen  to  twenty- 
three  feet  high."  *  In  the  Tsien-tang,  a  single  wave  plunges  along  at 
the  rate  of  twenty-five  miles  an  hour,f  with  perpendicular  front,  like 
an  advancing  cataract,  four  or  five  miles  wide  and  thirty  feet  high.  In 
the  river  Severn  also  we  have  a  remarkable  example  of  an  eagre.  Ac- 
cording to  the  laws  already  developed  (pp.  19  and  20),  the  erosive  and 
transporting  power  of  such  currents  must  be  immense.J 

Deposits  in  Estuaries. — The  larger  portion  of  the  materials  thus 
eroded  is  carried  ont  to  sea  by  the  retreating  tide,  and  will  be  again 
spoken  of  under  "  Sea-deposits."  A  portion  of  these  materials,  how- 
ever, is  always  deposited  in  tlie  estuary  in  sheltered  coves  and  bays 
(Fig.  24,  a  and  b),  and  often,  when  the  outflowing  tide  is  obstructed  by 


*  Bianncr,  Science,  1884,  vol.  iv,  p.  488. 
f  American  Journal  of  Science  and  Arts,  1855,  vol.  xx,  p.  305. 
X  In  many  cases  estuaries  may  be  the  result  of  subsidence  of  the  land  and  invasion 
of  the  lower  courses  of  the  rivers  by  the  sea. 
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sand-spits  and  islands  at  the  mouth,  over  every  portion  of  the  estuary. 
In  addition  to  this,  especially  in  rivers  subject  to  great  freshets,  there 
are  deposits  of  silt  from  the  river.  Thus  many  estuaries  are  occupied 
alternately,  during  the  wet  and  dry  seasons,  by  fresh  and  brackish  or 
salt  water,  and  the  deposits  in  them  are  therefore  alternately  fresh- 
water and  salt-water  deposits,  containing  fresh- water  and  salt  or  brack- 
ish water  shells.  These  alternations  are  highly  characteristic  of  estu- 
ary-deposits in  all  geological  periods  ;  in  fact,  of  all  deposits  at  the 
mouths  of  rivers  where  river  and  ocean  agencies  meet. 

8.— Bars. 

Bars  are  invariably  formed  in  accordance  with  the  law  already 
enunciated  as  that  controlling  all  current-deposits,  viz.,  if  the  velocity 
of  a  current-bearing  sediment  be  checked,  the  sediment  is  deposited. 

There  are  two  positions  in  which  bars  are  formed  :  1.  At  the  mouths 
of  rivers ;  and,  2.  At  the  head  of  the  estuaries.    In  the  first  position 


(Fig.  24,  d  d)  the  bar  is  formed  by  the  contact  of  the  river-current 
with  the  still  water  of  the  ocean.  It  is  most  marked  in  the  case  of 
estuaries.  The  outflowing  tide  scours  out  the  estuary,  carrying  with  it 
sediment  partly  brought  down  by  the  river,  and  partly  the  debris  of 
land  eroded  by  the  inflowing  tide.  The  larger  portion  of  this  is  dropped 
as  soon  as  the  tidal  current  comes  in  contact  with  the  open  sea  and  is 
checked  by  it.  They  are  usually  irregularly  crescentic  in  form.  Such 
are  the  bars  at  the  mouths  of  all  harbors.  In  the  second  position  they 
are  found  just  where  the  upward  current  of  the  inflowing  tide  meets 
the  downward  current  of  the  river,  and  makes  still  water.  At  this 
point  we  have  not  only  a  bar,  but  usually  also  an  extensive  marsh 
caused  by  the  daily  overflow  of  the  river.  Through  this  marsh  the 
river  winds  in  a  very  devious  course,  as  if  common  in  all  rivers  whose 
banks  are  alluvial. 

Thus,  then,  in  rivers  like  the  Mississippi,  emptying  into  tideless 
seas  and  forming  deltas,  there  is  but  one  bar,  viz.,  that  at  the  mouth  ; 
while  in  rivers  forming  estuaries  there  are  two  bars,  an  outer  and  an 
inner.    This  inner  bar  may  be  many  miles  up  the  river.    In  the  Hud- 
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son  River  the  inner  bar  is  a  hundred  and  forty  miles  up  the  river,  and 
only  a  few  miles  below  Albany.  This  is  really  the  head  of  tide-water 
in  this  river.* 

Bars,  being  produced  by  natural  and  constantly-acting  causes,  can 
not  itsually  be  permanently  removed,  though  they  may  be  sometimes 
greatly  improved.  If  they  are  scraped  away  by  dredgiug-machines, 
they  are  speedily  reformed  on  the  same  spot.  If  we  cause  the  river 
itself  to  remove  them,  as  has  sometimes  been  done  by  narrowing  the 
channel  and  thus  increasing  the  erosive  power,  we  indeed  remove  the 
bar,  bnt  it  is  reformed  farther  down-stream  at  a  new  point  of  equi- 
librium. In  some  cases,  however,  bars  have  heen  permanently  removed. 
This  has  been  done  for  the  Danube,  and  lecently  by  Capt.  Eads  for  the 
Mississippi,  by  the  construction  of  jetties  running  out  to  deep  water. 
These  confine  the  current,  increase  its  velocity,  and  cause  the  river  to 
scour  away  its  bar,  and  thenceforth  to  deposit  its  sediment  in  water  so 
deep  that'  it  will  require  centuries  to  build  up  again  from  the  bottom, 
and  re-form  the  bar. 

We  have  thus  traced  river  agencies  from  their  source  to  the  sea. 
This  brings  us  naturally  to  ocean  agencies. 

Section  2. — Ocean. 

Waves  and  Tides. 

Waves. — Waves  produce  no  current,  and  therefore  no  geological 
effect  in  deep  water.  The  erosive  effect  of  this  agent  is  almost  entirely 
confined  to  the  coast-line,  but  at  this  point  is  incessant  and  powerful. 

The  average  force  of 
waves  on  the  west 
coast  of  Scotland  for 
the  summer  months 
is  estimated  by 
Stevenson  at  Gil 
pounds  per  square 
foot,  and  for  the 
winter  months  at 
2,08G  pounds  per 
square  foot.  \  In 
violent  storms  the 
force  is  estimated  at  6,000  pounds  per  square  foot,I  and  fragments  of 
rock  of  many  hundred  tons'  weight  are  often  hurled  to  a  considerable 

*  There  is  another  important  principle  afTcctinf!;  the  formation  of  bars  in  rivers  cmptv- 
ing  into  seas,  viz.,  the  flocculalion  and  consequent  precipitation  of  clay  sediment,^,  by  salt- 
water (IIil<;ard). 

t  Dana's  Manual,  p.  654.  X  Herschel's  Physical  Geography,  p.  76. 
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distance  on  the  land.  These  fragments  hurled  against  the  shore  are 
the  principal  agent  of  wave-erosion.  The  rapidity  of  the  erosion 
of  a  coast-line  by  the  action  of  waves  is  determined  partly  by  the 
softness  and  partly  by  the  inclination  of  the  strata.  If  the  strata 
turn  their  faces  to  the  waves,  particularly  if  inclined  at  a  small  angle, 
the  effect  of  the  waves  is  comparatively  slight  (Fig.  25)  ;  but,  if  the 
edges  of  the  strata  are  exposed  to  the  waves,  the  erosion  is  much 
greater.    For  instance,  if  the  strata  be  horizontal,  as  in  Fig.  26,  then 


Fig.  26.— Section  of  an  Exposed  ClifE.  Pig.  27. 


the  strata  are  undermined  and  form  overhanging  table-rocks,  which 
from  time  to  time  fall  into  the  sea ;  if  the  strata  are  vertical  or  highly 
inclined  and  their  edges  turned  to  the  sea,  then  an  exceedingly  irregu- 
lar coast-line  is  formed  and  the  erosion  is  very  rapid,  as  the  force  of 
the  waves  is  concentrated  upon  the  re-entering  angles.  Fig.  27  is  a 
map  view  of  a  coast,  in  which  from  a  to  I)  the  waves  strike  the  edges, 
while  from  a  to  c  they  strike  the  faces  of  the  same  rocky  strata.  The 
arrow  shows  the  direction  of  the  dip  of  the  strata.  The  difference  in 
the  form  of  the  coast-line  is  seen  at  a  glance. 

Waves,  cutting  ever  at  the  shore-line  only,  act  like  an  liorizontal  saw. 
The  receding  shore-cliff, 
therefore,  leaves  behind 
it  an  ever-increasing  sub- 
aqueous platform  which 
marks  the  amount  of  re- 
cession. This  is  shown 
in  the  section  (Fig.  28), 
in  which  s  is  the  present  shore-line,  I  the  water-level,  a  b  the  platform, 
s'  the  original  shore-line,  and  s'  b  c  the  original  slope  of  bottom.  The 
recession  of  the  shore-line  and  the  formation  of  the  shore  platform  have 
been  accurately  observed  in  Lake  Michigan  (Andrews).  Level  plat- 
forms terminated  by  cliffs,  therefore,  when  found  inland,  sometimes 
indicate  the  position  of  old  shore-lines.  If  the  land  should  be  subse- 
quently elevated,  these  remain  and  mark  the  former  margins  of  the  sea. 

Tides. — The  tide  is  a  wave  of  immense  base,  and  three  or  four  feet 
:in  height  in  the  open  ocean,  produced  by  the  attractive  force  of  the 
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moon  and  sun  on  the  waters  of  the  ocean.  The  velocity  of  this  wave 
is  very  great,  since,  if  unobstructed,  it  would  travel  around  the  earth  in 
twenty-four  hours.  In  the  open  ocean  it  produces  very  little  current, 
only  a  slow  transfer  of  the  water  back  and  forth,  too  slow  to  produce 
any  geological  effect ;  *  but  in  shallow  water,  where  the  progress  of  tlic 
wave  is  impeded,  it  piles  up  in  some  cases  forty  to  fifty  feet  in  heigljl, 
and  gives  rise  to  currents  of  great  velocity  and  immense  erosive  power. 
By  this  means  bays  and  harbors  are  formed,  and  straits  and  channels 
are  scoured  out  and  deepened.  Tides  also  act  an  important  part  in  as- 
sisting the  action  of  waves  upon  the  whole  coast-line.  The  action  of 
waves  on  exposed  cliffs  quickly  forms  accumulations  of  debris  at  their 
base,  composed  of  sand,  mud,  shingle,  or  rocky  fragments  (Fig.  20), 
which  receive  first  and  greatly  diminish  the  shock  of  the  waves  upon 
the  cliff.  The  incessant  beating  of  the  waves  upon  this  debris  reduces 
it  to  a  finer  and  finer  condition,  and  the  retreating  waves  bear  much  of 
it  seaward ;  so  that,  even  without  the  assistance  of  any  other  agent,  the 
protection  is  incomplete,  and  the  erosion  therefore  progresses.  But  if 
strong  tidal  currents  run  along  the  coast,  these  effectually  remove  such 
debris  and  leave  the  cliff  exposed  to  the  direct  action  of  the  waves. 

Examples  of  the  Action  of  Waves  and  Tides— The  coasts  of  the 
United  States  show  many  examples  of  the  erosive  action  of  waves  and 
tides.  The  form  of  the  whole  New  England  coas*  is  largely  determined 
by  this  cause.  The  softer  parts  are  worn  away  into  harbors  by  the 
waves  and  scoured  out  by  the  tides,  while  the  harder  parts  reach  out 
like  rocky  arms  far  into  the  sea.  Sometimes  only  small  rocky  islands, 
stripped  of  every  vestige  of  earth,  mark  the  position  of  the  former  coast- 
line. Boston  Harbor  and  the  rocky  points  and  islands  in  its  vicinity  are 
good  examples.  The  process  is  still  going  on,  and  its  progress  may  be 
marked  from  year  to  year. 

On  the  Southern  coast  examples  of  a  similar  process  are  not  want- 
ing. At  Cape  May,  for  instance,  the  coast  is  wearing  away  at  a  rate 
of  about  nine  feet  per  annum.  The  more  exposed  portions  about 
Charleston  Harbor,  such  as  Sullivan's  Island,  are  said  to  be  wearing 
away  even  more  rapidly.  As  a  general  fact,  however,  the  low,  sandy,  or 
muddy  shores  of  the  Southern  coasts  are  receiving  accessions  more 
rapidly  than  they  are  wearing;  while,  on  the  contrary,  the  New  Eng- 
land coast,  as  proved  by  its  rocky  character,  is  losing  much  more  tlian 
it  gains.  The  shores  of  Lake  Superior  (Fig.  29)  furnish  many  beauti- 
ful examples  of  the  action  of  waves— in  this  case,  of  course,  uniissisted 
by  tides.  The  general  form  of  the  lake  along  its  south  shore  is  deter- 
mined by  the  varying  hardness  of  the  rock  ;  the  two  projecting  promon- 
tories La  Pointe  {a)  and  Keweenaw  Point  {c)  being  composed  of  hard. 


*  ilerschcl's  Physical  Geography,  p.  64. 
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io-neous  rocks,  while  the  iuterveuiug  bays  h  and  d  are  softer  sandstone. 
Ou  the  south  shore,  about  e,  between  La  Pointe  and  Fond  du  Lac  (/), 
the  conditions  of  rapid  erosion  are  beautifully  seen.  The  shores  arc 
sandstone  cliffs,  with  nearly  horizontal  strata.   These  have  been  eroded 


Fig.  29.— Lake  Superior. 

beneath  by  the  waves,  in  some  places  for  hundreds  of  feet,  forming 
immense  overhanging  table-rocks,  supported  by  huge  sandstone  pillars 
of  every  conceivable  shape.  Among  these  huge  pillars,  and  along  these 
low  arches  and  gloomy  corridors,  the  waves  dash  with  a  sound  like  thun- 
der. Prom  time  to  time  these  overhanging  table-rocks,  with  their  load 
of  earth  and  primeval  forests,  fall  into  the  lake. 

The  coasts  of  Europe  furnish  examples  on  a  more  magnificent  scale, 
and  have  been  more  carefully  studied.  The  cliifs  of  Norfolk  are  carried 
away  at  a  rate  of  three  feet,  and  those  of  Yorkshire  six  feet,  annually. 
The  church  of  the  Eeculvers,  on  the  coast  of  Kent,  near  the  mouth  of 
the  Thames,  stood,  in  the  time  of  Henry  VIII,  one  mile  inland.  Since 
that  time  the  sea  has  steadily  advanced  until,  in  1804,  a  portion  of  the 
churchyard  fell  in,  and  the  church  was  abandoned  as  a  place  of  wor- 
ship. The  church  itself,  ere  this,  would  have  been  undermined  and 
fallen  in,  had  it  not  been  protected  by  artificial  means.  There  are  many 
instances  in  the  German  Ocean  of  islands  which  have  been  entirely 
washed  away  during  the  historic  period. 

The  tidal  currents  through  the  British  and  Irish  Channels,  along  the 
western  coasts  of  Ireland  and  Scotland,  among  the  Orkneys  and  Heb- 
rides, and  especially  along  the  coast  of  Norway,  are  very  powerful. 
Along  this  latter  coast  it  forms  the  celebrated  Maelstrom.  The  erosive 
effects  of  the  sea  are,  therefore,  very  conspicuous.  On  the  south  and 
east  coast  of  England  the  erosion  is  now  progressing  rapidly.  On  the 
west  coast  of  Ireland  and  Scotland  the  waste  is  not  now  so  great,  be- 
cause the  softer  material  is  all  removed,  but  the  configuration  of  the 
coast  shows  the  waste  which  it  has  suffered.    A  glance  at  a  good  map 
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of  Ireland  shows  a  cleeply-indented  western  coast,  composed  entirely 
of  alternating  rocky  promontories  and  deep  bays.  On  tl)e  western  coast 
of  Scotland,  and  especially  on  the  Ox-kney,  Shetland,  and  Hebrides  Isl- 


FiG.  30. 

ands,  the  wasting  effect  of  the  sea  has  been  still  greater.  Not  only 
have  we  here  the  same  character  of  coast  as  already  described  (as  seen 
in  the  friths  of  Scotland),  but  many  small  islands  have  been  eroded, 
until  only  a  nucleus  of  the  hardest  rock  is  left;  and  even  these  have 
been  worn  until  they  seem  but  the  ghastly  skeletons  of  once  fertile  isl- 
ands. Figs.  30  and  31  will  give  some  idea  of  the  appearance  of  these 
spectral  islands. 

The  coast  of  Norway  consists  entirely  of  deep  fiords  alternating 
with  jutting  headlands  of  hardest  rock  several  thousand  feet  high. 


Fig.  31. 


Along  this  intricately-dissected  coast  there  runs  a  chain  of  high,  rocky 
islands,  which  in  an  accurate  map  is  scarcely  distinguishable  from  the 
coast  itself,  being  separated  only  by  narrow,  deep  fiords.    Toward  the 
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northern  part  of  the  const  the  crest  of  the  Scandinavian  chain  seems  to 
run  directly  along  the  jutting  promontories  of  the  coast-line,  for  these 
headlands  are  the  most  elevated  part  of  the  country ;  in  fact,  in  some 
parts  it  would  seem  that  the  original  crest  was  at  one  time  still  farther 
west,  along  the  line  of  coast-islands.  If  so,  then  the  sea  has  not  only 
carried  away  the  whole  western  slope,  but  has  broken  through  the  main 
axis,  leaving  only  these  isolated  rocky  islands  as  monuments  of  its 
former  position,  and  is  even  now  carrying  its  ravages  far  inland  on  the 
eastern  slope.  In  the  case  of  Norway,  however,  and  probably  in  case 
of  nearly  all  bold,  rocky  coasts,  the  intricacy  of  the  coast-line  is  not 
due  wholly  or  even  principally  to  the  action  of  waves  and  tides,  but  also 
to  other  causes,  mainly  subsidence,  to  which  we  shall  refer  hereafter. 

Transporting  Power. — The  transporting  power  of  waves  is  immense- 
ly great,  often  taking  up  and  hurling  on  shore  masses  of  rock  hundreds 
of  tons  in  weight ;  but,  being  entirely  confined  to  the  coast-line,  the  dis- 
tance to  which  they  carry  is  necessarily  very  limited.  There  are  some 
instances,  however,  of  materials  carried  to  great  distances  by  the  inces- 
sant action  of  waves.  Thus,  according  to  Prof.  Bache,  coast-sand  is 
carried  slowly  farther  and  farther  south  by  the  action  of  waves,  and 
siliceous  sand  is  found  at  Cape  Sable  on  the  extreme  southern  point  of 
Florida,  although  the  whole  Florida  coast  as  far  as  St.  Augustine  is 
composed  of  coral  limestone  alone.  He  accounts  for  this  by  supposing 
that  the  trend  of  the  United  States  coast  is  such  that  waves  coming 
from  the  east  strike  the  coast  obliquely  and  fall  ofE  toward  the  south, 
carrying  each  time  a  little  sand  with  them.  A  similar  phenomenon 
has  been  observed  on  Lak6  Michigan ;  the  sands  are  carried  steadily 
toward  the  south  end,  where  they  accumulate. 

Deposits. — The  invariable  effect  of  waves,  chafing  back  and  forth 
upon  coast  debris,  is  to  wear  off  their  angles  and  thus  to  form  rounded 
fragments  and  granules.  Thus,  pebbles,  shingle,  and  round-grained 
sand,  though  produced  by  all  currents,  are  especially  characteristic  of 
wave-action.  Ripple-marhs  are  also  characteristic  of  current-action 
in  shallow  water.  They  are,  therefore,  always  formed  on  shore  by  the 
action  of  waves  and  tides.  By  means  of  these  characteristics  of  shore 
deposit,  many  coast-lines  of  previous  geological  epochs  have  been  deter- 
mined. 

We  have  seen  that  waves  usually  destroy  land.  In  many  cases, 
however,  they  also  make  land.  This  is  the  case  whenever  other  agen- 
cies, such  as  river  or  tidal  currents,  drop  sediment  in  shallow  water, 
and  therefore  within  reach  of  wave-action.  We  shall  again  speak  of 
these  under  the  head  of  Land  formed  by  Ocean  Agencies. 
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Oceanic  Currents. 

The  ocean,  like  the  atmosphere,  is  in  constant  motion,  not  only  on 
its  surface,  but  throughout  its  whole  mass.  The  general  direction  of 
the  currents  in  the  two  cases  is  also  similar,  but  there  are  disturbing  and 
complicating  causes  peculiar  to  each,  which  interfere  with  the  regularity 
and  simplicity  of  the  phenomena.  If  the  currents  of  the  atmosphere 
are  more  variable  on  account  of  the  greater  levity  of  the  fluid,  oceanic 
currents  have  also  their  peculiar  disturbing  causes  in  the  existence  of 
impassable  barriers  in  the  form  of  continents.  In  both  atmosphere  and 
sea,  currents  may  also  be  deflected  by  submarine  banks,  for  mountain- 
chains  are  the  banks  of  the  aerial  ocean. 

Theory  of  Oceanic  Currents. — By  some  distinguished  physicists, 
oceanic  currents  have  been  attributed  entirely  to  the  action  of  the  trade- 
tvinds*  There  can  be  no  doubt  that  this  is  a  real  cause ;  yet  it  seems 
probable,  nay,  almost  certain,  that  the  great  and  controlling  cause  of 
currents  of  the  ocean,  as  of  the  air,  is  difference  of  temperature  between 
the  equatorial  and  polar  regions. 

General  Course  of  Oceanic  Circulation. — AVe  leave  it  for  physicists 
to  determine  the  true  theory  of  oceanic  currents.  Sutfice  it  to  say  that 
on  either  theory  the  general  course  of  circulation  would  be  much  the 
same.  An  equatorial  current  stretches  across  both  the  great  oceans 
from  east  to  west,  impinges  against  the  continent,  turns  northward  and 
southward  to  about  45°  or  50°  latitude,  then  eastward,  then  southward 
and  northward  to  form  again  the  equatorial  current  (Fig.  32).  The 
details  of  their  courses  may  be  made  more  complex  by  the  configura- 
tion of  continental  margin  and  of  sea-bottom.    We  take  as  example  the 

Gulf  Stream. — Currents  coming  from  the  north  and  south  on  the 
African  coast  {b  b',  Fig.  32)  unite  to  form  an  equatorial  current,  c  c', 
which  stretches  across  the  Atlantic  until,  striking  against  the  coast  of 
South  America,  it  turns  north  and  south,  a  a'.  The  southern  branch 
turns  gradually  eastward,  d',  and  forming  a  grand  circle  in  the  south- 
ern Atlantic  joins  again  the  South  African  current  b'.  The  northern 
branch,  a,  runs  along  the  coast  of  South  America,  through  the  Carib- 
bean Sea  and  into  the  Gulf  of  Mexico,  from  which  emerging  it  rurs 
with  great  velocity  through  the  narrow  straits  of  Florida  and  tlience 
under  the  name  of  the  Gulf  Stream  along  the  const  of  North  America, 
turning  more  and  more  eastward  in  obedience  to  the  law  already  men- 
tioned, until  it  becomes  an  eastward  current,  d,  about  50°  latitude; 
and  then  stretches  across  to  the  coast  of  Europe,  and  turns  again  south- 
ward to  join  the  equatorial  current.  A  portion  of  it,  however,  in  its  east- 
ward course  turns  northward,  e,  and  returns  as  a  cold  polar  current,  e", 


*  Herschel,  Physical  Geography,  p.  13 ;  and  Croll,  Climate  and  Time. 
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liu'TO'inff  the  shore  of  North  America  as  a  cold  tvall  to  the  Gulf  Stream, 
and  thus  passes  south. 

Geological  Agency  of  Oceanic  Currents. — The  velocity  of  oceanic 
currents  is  generally  small,  although,  in  the  case  of  the  Gulf  Stream, 
at  the  Florida  Straits,  it  reaches  almost  tlie  velocity  of  a  torrent,  viz., 
three  and  a  half  to  five  miles  per  hour.  The  volume  of  water  carried 
by  them  is  almost  inconceivably  great ;  it  is  estimated  that  the  Gulf 
Stream  alone  carries  many  times  more  water  than  all  the  rivers  of  the 
globe.   According  to  Croll,  it  is  equal  to  a  current  fifty  miles  wide  and 


Fia.  32.— General  Course  of  Oceanic  Currents. 


one  thousand  feet  deep,  running  at  a  rate  of  four  miles  per  hour.  The 
geological  agency  of  these  powerful  currents  in  modifying  the  bottom 
of  the  sea  by  erosion  may  be,  and  by  sedimentary  deposit  7)iust  be,  very 
important,  though  as  yet  comparatively  little  known. 

One  of  the  chief  functions  of  oceanic  currents  is  the  transportation 
and  distribution  over  the  open-sea  bottom  of  sediments  brought  down 
by  the  rivers.  By  far  the  larger  part  of  the  debris  of  tlie  land  is  cer- 
tainly dropped  near  the  shore,  and  marginal  sea-bottoms  are  everywhere 
the  great  theatres  of  sedimentation  ;  but,  without  the  agency  of  marine 
currents,  none  would  reach  open  sea;  all  would  be  dropped  near  shore.* 
By  the  agency  of  these,  however,  the  Jiim-  portions  are  carried  and 


*  Undoubtedly  a  large  portion  of  the  dccp-sea  bottom  is  never  reached  by  nieelian- 
sedimenta.    This  is  strikingly  shown  l^y  the  fact  that  one  haul  of  the  dredge  of  the 
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widely  distributed  over  certain  portions  of  deep-sea  bottoms.  We 
have  undoubted  evidence  of  this  in  some  cases.  Thus  the  sediments 
brought  down  by  the  Amazon  are  swept  seaward  by  a  strong  tide,  and 
then  taken  by  tlie  oceanic  current  which  sweeps  along  that  coast,  and 
carried  300  miles  and  deposited  much  of  it  on  the  coast  of  Guiana. 
According  to  Humboldt,  the  same  stream  carries  sediment  from  the 
Caribbean  into  the  Gulf  of  Mexico.*  There  is  little  doubt,  too,  that 
much  of  the  sediments  brought  into  the  Gulf  of  Mexico  by  the  Gulf 
rivers  is  swept  along  by  the  Gulf  Stream,  and  a  part  of  it  deposited  on 
Florida  Point  and  the  Bahama  Banks.  The  surface  transparency  of 
the  Gulf  Stream  is  no  objection  to  this  view,  as  a  little  reflection  will 
show.  Ocean-currents  differ  from  rivers,  in  the  fact  that  the  former 
run  in  perfectly  smooth  leds  of  still  ivater.  There  are,  therefore,  no 
subordinate  currents  from  side  to  side,  or  up  and  down,  whereby  in 
river-currents  the  water  is  thoroughly  mixed  up,  and  the  finer  sedi- 
ments prevented  from  settling.  In  ocean- currents  the  conditions  are 
as  favorable  for  subsidence  as  in  still  water.  It  is  evident,  therefore, 
that  sediments  carried  by  ocean-currents  must  in  a  little  time  sink  out 
of  sight,  although  from  the  great  depth  of  these  currents  they  may 
still  be  carried  to  considerable  distances.  Deep-sea  deposits  have  until 
recently  received  little  attention,  although  they  are  acknowledged  to 
be  of  the  greatest  geological  importance. 

Some  Effects  of  the  Co-operation  of  the  Preceding  Agencies— Sub- 
marine Banks. — These  are  usually  accumulations  of  material  dropped 
by  currents.  They  are  formed  under  conditions  similar  to  those 
which  determine  the  formation  of  bars ;  i.  e.,  either  by  the  meeting 
of  opposing  sediment-laden  currents  or  else  by  such  a  current  coming 
in  contact  with  still  water.  In  fact,  the  outer  bar  is  a  true  submarine 
bank.  The  currents  may  be  either  tidal  or  oceanic  or  river.  Admira- 
ble examples  of  both  those  modes  of  formation  are  found  in  the  Ger- 
man Ocean.  The  tidal  wave  from  the  Atlantic  strikes  the  British  Isles, 
passes  round  in  both  directions,  and  enters  this  ocean  from  the  north 
around  the  north  point  of  Scotland,  and  from  the  south  through  the 
British  Channel  and  Straits  of  Dover  (Fig.  33).  These  two  currents 
coming  from  opposite  directions  meet  and  make  still  water,  and  there- 
fore deposit  their  sediment  and  form  banks.  Again,  the  tidal  current 
is  concentrated  in  the  British  Channel,  and  runs  with  great  velocity, 
scouring  out  this  channel,  and  in  addition  gathering  abundant  sediment 
from  the  rivers  emptying  into  the  channeh  Thus  loaded  with  sedi- 
ment it  rushes  through  the  narrow  Straits  of  Dover,  and,  coming  in 

Challenger  brought  up  600  fossil  shark's  teeth  and  100  ear-bones  of  whales.    These  fos- 
sils were  probably  Eocene.    If  so,  their  a-je  is  almost  inconceivable.    And  yet  they  lay 
still  uncovered  on  the  sea-bed. — Bull.  Gool.  Soc.  Am.,  vol.  ii,  p.  13,  1891. 
*  Lyell's  Principles  of  Geology. 
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contact  with  the  still  water  of  the  German  Sea,  forms  eddies  on  either 
side,  and  deposits  its  sediments.  Besides  the  banks  thus  formed,  there 
are,  of  course,  bars  formed  at  the  mouths  of  the  rivers  emptying  into 
this  shallow  sea.  By  a  combination  of  all  these  causes,  we  explain  the 
numerous  banks  which  render  the  navigation  of  this  sea  so  dangerous. 


Fig.  33. — Tides  of  the  German  Ocean.   The  cnrved  lines  represent  successive  positions  of  the 

advancing  lide. 


But  great  banks  far  away  from  shore  are  usually  formed  by  oceanic 
currents.  Thus  the  Banks  of  Newfoundland  are  evidently  formed, 
partly  at  least,  by  the  meeting  of  the  polar  current  (e",  Fig.  33),  bearing 
icebergs  loaded  with  earth,  and  the  warm  current  of  the  Gulf  Stream, 
perhaps  also  bearing  its  share  of  fine  sediment.  Again,  the  Gulf 
Stream,  rushing  at  high  velocity  (four  miles  per  hour)  through  the 
narrow  Straits  of  Florida,  coming  in  contact  with  the  still  water  of 
the  Atlantic  beyond  and  forming  eddies  on  each  side,  and  depositing 
sediment,  has  certainly  contributed  to  form,  if  it  has  not  wholly  formed, 
the  Bahama  Banks  on  one  side,  and  the  bank  on  Avhich  the  Florida 
reefs  are  built  on  the  other.    It  is  probable  that  many  other  pcculiari- 
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ties  of  the  Atlantic  bottom  in  the  course  of  tlie  Gulf  Stream  may  be 
similarly  accounted  for.* 

Land  formed  by  Ocean  Agencies.— Upon  submarine  banks,  however 
these  may  be  produced,  are  gradually  formed  islands.  These  islands 
are  always  formed  by  the  immediate  agency  of  waves.  As  soon  as  the 
submarine  bank  rises  so  near  the  surface  that  the  waves  touch  bottom, 
and  form  breakers,  these  commence  to  throw  up  the  sand  or  mud  until 
an  island  is  formed,  which  continues  to  grow  by  the  same  agency,  until 
it  becomes  inhabited  by  plants  and  animals,  and  finally  by  man.  The 

height  of  such  islands  above  the  sea 
will  depend  upon  the  height  of  the 
tides  and  the  force  of  the  waves. 
They  are  seldom  more  than  fifteen 
feet  above  high  water.  Thus  we 
find  that  extensive  banks  are  always 
dotted  over  with  islands.  In  this 
manner  are  formed  the  low  islands 
so  common  about  the  mouths  of 
harbors  and  estuaries,  also  the  nar- 
row sand-spits  all  along  our  South- 
ern coast,  separating  the  harbors 
and  sounds  from  the  ocean.  Fig. 
34,  which  is  a  map  of  the  K'orth 
Carolina  coast,  will  give  a  good  idea 
of  these  sand-spits.  In  the  course 
of  time  such  sounds,  being  protected 
in  some  measure  by  the  sand-spits 
from  the  scouring  action  of  the 
tides,  are  gradually  filled  up  with 
sediments  brought  down  by  the 
rivers,  leaving  only  narrow  passages 
for  the  flow  of  the  tide.  In  this 
Fig.  34.— Coast  of  North  Carolina.  man  iier  were  formed  the  sea-islands 

all  along  onr  Southern  coast,  sepa- 
rated from  the  mainland  only  by  narrow  tidal  inlets.  These  tidal 
inlets  may  become  filled  up,  and  the  whole  coast-line  transferred  farther 
seaward. 

A  large  portion  of  the  coasts  of  the  world  is  thus  bordered  by  wave- 
formed  islands.  We  have  already  seen,  however,  that  on  some  coasts, 
e.  g.,  Norway,  Scotland,  etc.,  islands  are  formed  by  the  desfructive  ac- 
tion of  waves.  Bordering  islands,  so  common  along  all  coasts,  are 
therefore  of  two  classes,  and  formed  by  two  opposite  eifects  of  waves— 

*  Pee  the  author's  views  on  this  subject,  American  Journal  of  Science,  vol.  xxiii,  p. 
46,  1857;  Nature,  vol.  xxii,  p.  668,  1880;  Science,  vol.  ii,  p.  764,  1883. 
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the  one  land-destroying,  the  other  land-forming.  The  islands  of  one 
class  are  high  and  rocky,  of  tlie  other  low  and  sandy  or  muddy ;  the 
former  are  the  scattered  remains  of  an  old  coast-line,  the  latter  the 
commencing  points  of  a  new  coast-line.* 

Section  3. — Ice. 

The  agency  of  ice  will  be  considered  under  the  heads  of  Glaciers 
and  Icebergs ;  the  effects  of  frost  in  disintegrating  rocks  having  been 
already  treated  of  under  Atmospheric  Agencies.  It  is  only  compara- 
tively recently  that  the  great  importance  of  ice  as  a  geological  agent 
has  been  recognized.  To  Agassiz  is  due  the  credit  of  having  first  fully 
recognized  this  importance. 

Glaciers. —  General  Principles. 

Definition. — In  many  parts  of  the  earth,  where  the  mountains  reach 
into  the  region  of  perpetual  snow,  and  other  favoring  conditions  are 
present,  we  find  that  the  mountain-valleys  are  occupied  by  masses  of 
compact  ice,  connected  with  the  snow-cap  above,  but  extending  far 
below  the  snow-line  into  the  region  of  cultivated  fields,  and  moving 
slowly  but  constantly  down  the  slope  of  the  valley.  Such  valley-pro- 
longations of  the  perpetual  snow-caps  are  called  glaciers.  The  exist- 
ence of  glaciers  and  their  motion  are  necessitated  by  the  great  laio  of 
circulation,  so  universal  in  Nature.  For  in  those  countries  where 
glaciers  exist,  the  waste  of  perpetual  snow  by  evaporation  is  small  in 
comparison  with  the  supply  by  the  fall  of  snow.  There  would  be  no 
limit,  therefore,  to  the  accumulation  of  snow  on  mountain-tops,  if  it 
did  not  run  off,  down  the  slope,  by  these  ice-streams,  and  thus  return 
into  the  general  circulation  of  meteoric  waters.  Glaciers  extend  not 
only  far  below  the  snow-line,  but  even  far  below  the  mean  line  of  32°. 
In  the  Alps  the  snow-line  is  about  9,000  f  feet  above  the  sea-level, 
while  some  of  the  glaciers  extend  down  to  within  3,225  feet  (Prest- 
wich)  of  the  same  level,  i.  e.,  more  than  5,000  feet  below  the  snow-line. 

Necessary  Conditions. — The  conditions  necessary  to  the  formation 
of  glaciers  are  :  1.  The  mountain  must  rise  into  the  region  of  perpetual 
snow,  for  the  snow-cap  is  the  fountain  of  glaciers.  2.  There  must  be 
considerable  changes  of  temperature,  and  therefore  alternate  thawings 
and  freezings.  This  condition  seems  necessary  to  the  gradual  compact- 
ing of  snow  into  glacier-ice.  The  want  of  this  condition  is  apparently 
the  cause  of  the  non-existence,  or  small  development,  of  glaciers  in 
tropical  regions.    3.  A  moist  atmosphere  is  favorable  to  their  produc- 


*  Coast  islands  arc,  however,  often  formed  by  subsidence  of  continental  margins, 
■j-  Dana's  Manual  of  Geology. 
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tion,  for  the  moister  the  climate  the  greater  is  the  snow-fall,  and  tlie 
smaller  is  the  waste  by  evaporation,  and  therefore  the  greater  the 
excess  which  must  run  off  by  glaciers.  This  is  an  additional  reason 
why  glaciers  are  not  formed  under  the  equator ;  for  the  great  capacity 
for  moisture  of  the  air  in  this  zone  increases  the  waste  while  it  decreases 
tlie  fall  of  snow.  This  is  also  the  reason  of  the  scanty  formation  of 
glaciers  in  the  Sierra  Mountains,  and  their  abundance  and  magnitude 
iu  the  Alps. 

Ramifications  of  Glaciers.— We  have  said  glaciers  are  valley-prolon- 
gations of  the  ice-cap.  Now,  mountain-valleys  are  of  two  kinds,  viz., 
1.  The  deeper  and  larger  longitiidhial  valleys,  between  parallel  ranges; 
and,  2.  The  transverse  or  radiating  valleys,  transverse  in  case  of  ridges, 
and  radiating  in  case  of  peaks.  The  longitudinal  valleys  may  be  formed 
either  by  erosion  or  by  igneous  agencies  folding  the  crust  of  the  earth ; 
but  the  transverse  or  radiatiiig  valleys  are  always  formed  by  erosion. 
It  is  these  valleys  of  erosion  which  are  occupied  by  glaciers.  In  coun- 
tries where  there  are  no  glaciers  they  are  occupied,  of  course,  by 
streams.  We  have  already  shown  (p.  9)  how  these  valleys  commence 
near  the  top  of  the  mountain  as  furrows,  which,  uniting,  form  gullies, 
and  these,  in  their  turn,  forming  ravines  and  gorges,  thus  becoming  less 
and  less  numerous,  but  larger  as  we  ap^^roach  the  base  of  the  mountain. 
Iu  the  same  manner,  therefore,  as  streams  ramify,  so  also  do  glaciers. 
The  only  difference  is  the  degree  of  ramification.  Streams  ramify 
almost  infinitely,  while  glaciers  seldom  have  more  than  three  or  four 
tributaries.  Fig.  35  is  a  map  of  the  Mont  Blanc  glacier  region.  By 
inspection  of  this  map  it  will  be  seen  that  the  Mer  de  Glace,  m,  receives 
four  tributaries,  marked  t,  I,  g,  etc.  On  page  55  is  an  enlarged  view 
of  the  same  glacier  with  its  tributaries. 

Motion  of  Glaciers. — Again,  we  have  said  in  our  definition  that  gla- 
ciers are  in  constant  motion.  By  the  law  of  circulation,  constant  down- 
ward motion  is  as  necessary  to  the  idea  of  a  glacier  as  it  is  to  that  of  a 
river,  since  both  the  glacier  and  the  river  carry  away  the  excess  of  sup- 
ply over  evaporation.  But  a  glacier,  though  in  constant  motion,  never 
passes  beyond  a  certain  point,  where  the  slow  downward  motion  is 
exactly  balanced  by  the  melting  of  the  ice  by  sun  and  air.  This  point 
is  called  the  lower  limit  of  the  glacier.  As  long  as  conditions  remain 
unchanged,  the  lower  end  of  the  glacier  remains  exactly  at  the  same 
point,  although  the  substance  of  the  glacier  moves  always  downward. 
But  if  external  conditions  change,  the  point  of  the  glacier  may  move 
upward  or  downward.  There  are  two  opposing  conditions  which  de- 
termine the  position  of  the  point  of  the  glacier,  viz.,  the  rate  of  mo- 
tion and  the  rate  of  melting.  Thus,  during  a  succession  of  cool,  damp 
years,  the  melting  being  less  rapid,  the  point  of  the  glacier  moves 
slowly  down,  sometimes  invading  cultivated  fields  and  overturning 
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huts,  until  it  finds  a  new  point  of  equilibrium.  During  a  succession  of 
warm  and  dry  years,  on  the  contrary,  the  melting  being  more  rapid, 
the  point  retreats,  to  find  a  new  point  of  equilibrium  higher  up  the 
mountain.  Again,  during  a  cycle  of  years  of  heavy  snow-fall,  the  gla- 
cier is  flooded,  its  motion  increased,  and  its  point  advances ;  while 
during  a  cycle  of  smaller  snow-fall  its  dimensions  shrink,  its  motion 
is  retarded,  and  its  point  retreats.  But,  whether  the  point  be  station- 
ary, or  advance  or  recede,  the  substance  of  the  glacier  is  ever  moving 
steadily  onward.  It  may  be  compared  to  those  rivers,  in  dry,  sandy 
countries,  which  run  ever  toward  the  sea,  but  never  reach  beyond  a 
certain  point,  being  absorbed  by  the  sand. 

Graphic  Illustration. — These  facts  may  be  graphically  represented 
as  follows  :  Taking  first  the  motion  consta7it  in  time,  and  the  melting 
variable,  let  a  d  (Fig.  36)  equal  the  length  of  the  mountain-slope, 
and  the  line  a  i  {=  cd)  the  velocity  of  the  glacier-motion  taken  as 

uniform.  This  velocity  varies  with  the  slope, 
as  will  be  seen  hereafter,  but  is  little  affected 
by  the  elevation.  It  may  be  taken,  therefore, 
as  the  same  in  every  part  of  the  slope,  and 
therefore  correctly  represented  by  equal  lines, 
i.  e.,  by  the  ordinates  of  the  parallelogram 
abed.  The  melting  power  of  the  sun  and  air, 
on  the  contrary,  regularly  increases  from  the 
top,  where  it  is  almost  nothing,  to  the  bottom 
of  the  mountain.  We  will,  therefore,  repre- 
sent it  by  the  increasing  ordinates  of  the  trian- 
gle aed.  At  x,  therefore,  where  the  ordinates 
of  the  triangle  and  of  the  parallelogram  are 
equal  to  each  other,  will  be  the  lower  limit  of 
the  glacier.  During  a  succession  of  cool  years 
the  rate  of  melting  will  be  represented  by  the 
ordinates  of  the  smaller  triangle  a  e' d,  and  the 
point  of  the  glacier  will  advance  to  z.  During 
a  succession  of  warm,  dry  years,  the  rate  of 
melting  will  be  represented  by  the  larger  tri- 
angle a  e"  d,  and  the  point  of  the  glacier  will 
recede  to  y.  Taking  next  the  melting  as  con- 
stant in  time,  and  represented  as  before  by  the 
line  a  e,  and  the  motion  as  variable ;  then,  if 
the  rate  of  motion  be  represented  by  ordinates  of  the  line  b  c,  the  point 
of  the  glacier  will  be  at  x  as  before.  But,  during  a  cycle  of  glacial 
flood,  the  rate  of  motion  is  increased  and  represented  by  a  broken 
line  b"  c",  and  the  point  of  equilibrium  is  advanced  to  z'  \  and,  dur- 
ing a  cycle  of  diminished  snow-fall  and  shrunken  glacier,  the  rate 
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Fig.  36. — Diagram  Bhowin"  the 
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treat.  The  dotted  lines  rep- 
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increase  and  decrease  of  mo- 
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of  motion  is  represented  by  V  c',  and  the  point  of  equilibrium  re- 
treats to  y'. 

Of  tliese  two  factors  of  advance  and  retreat,  the  second  is  probably 
the  greatest ;  for,  in  the  same  region  and  under  the  same  climatic  con- 
ditions, some  glaciers  may  be  advancing  and  some  retreating.  The 
reason  is  as  follows  :  As  in  small  streams  the  floods  quickly  follow  the 
rain,  while  in  long  rivers  like  the  Mississippi  the  flood  at  the  mouth 
may  be  delayed  a  week  or  ten  days  ;  so  in  short  glaciers  the  ice-flood 
may  reach  the  point  in  five  or  ten  years,  while  in  long  glaciers  it  may 
take  fifty  or  more  years.* 

Line  of  the  Lower  Limit  of  Glaciers. — We  have  said,  again,  that  the 
glacier  reaches  below  the  snow-line.    There  are  three  lines,  or  rather 
spheroidal  surfaces,  running  above  the  surface  of  the  earth,  which  are 
apt  to  be  confounded 
with  one  another,  and 
must,  therefore,  be  now 
defined.    These  are  the 
liiie  of  perpetual  snotu, 
the  mean  line  of  32°, 
and  the  line  of  the 
lotver  limit  of  glaciers. 
The  line  of  perpetual 
snow,  at  the  equator,  is 
about  16,000  to  17,000 
feet  above  the  sea-level. 
As  we  approach  the 
poles  it  gradually  ap- 
proaches the  sea-level, 
until  it  touches  at  or 
near  the  poles,  forming 
thus  a  spheroid  more 
oblate  than  the  earth 
itself  (Fig.  37).  Next 
follows  the  mean  line  of  33°.    This  commences  at  the  equator,  F, 
coincident  with  the  snow-line  (it  may  be  even  above  it— Dana),  but 
diverges  as  we  pass  toward  the  pole,  and  finally  touches  the  sea-level 
at  about  66°  north  and  south  latitude,  at  b  b.    Below  this,  again,  is 
I  the,  line  of  lower  limit  of  glaciers,  which,  commencing  again  nearly 
coincident  with  the  two  preceding,  at  the  the  equator,  approaclies 
and  touches  the  sea-level  at  about  50°  latitude,  or,  under  favorable 
^  circumstances,  at  even  lower  latitudes.    The  difference  between  these 
limes  IS  often  several  thousand  feet.    In  the  Alps,  the  line  of  32°  is 


Fio.  37.— General  Relation  of  Limit  of  Glaciers  to  Snow-Line. 


*  Forcl,  Archives  des  Sciences,  vol.  vi,  pp.  5  and  448,  1881. 
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3,000  feet,  and  the  lino  of  lower  limit  of  glaciers  o,000  feet,  below 
the  snow-line.  In  some  parts  of  the  arctic  region,  tlic  lino  of  32' 
is  3,500  feet  below  the  snow-line,  and  in  Norway  the  lower  limit  of 
glaciers  is  4,000  feet  below  the  line  of  32°  (Dana).  For  the  sake  of 
simplicity  we  have  represented  the  surfaces,  of  Avliich  these  lines  are 
the  sections,  as  regular  spheroids ;  but,  in  fact,  they  are  very  irregu- 
lar, being  much  influenced  by  climate.  Their  intersection  with  the 
sea-level  will,  therefore,  not  be  along  lines  of  latitude,  but  will  be 
irregular,  like  isotherms.  As  the  line  a  c  marks  the  lower  limit  of 
glaciers  in  different  latitudes,  it  is  evident  that  at  c  glaciers  will  touch 
the  sea,  and  beyond  this  point  will  run  far  into  the  sea.  It  is  in  this 
manner,  as  we  will  see  hereafter,  that  icebergs  are  formed.  In  Chili, 
glaciers  touch  the  sea-level  at  46°  40'  south  latitude.* 

General  Description — Glacial  Field.— A  glacial  field  may  be  defined 
as  a  perpetual  snow-covered  area  from  which  flow  glaciers  in  many 
directions.  The  field  best  known  is  that  of  the  Alps.  In  the  region 
about  Mont  Blanc  (Fig.  35)  and  Finsteraarhorn  alone  there  are  about 
400  glaciers,  varying  in  length  from  5  to  15  miles,  in  width  from  one 
half  to  3  miles,  and  in  thickness  from  200  to  800  feet.  In  the  Hima- 
layas the  snow-field  is  far  more  extensive  and  the  glaciers  much  larger 
— 40  miles  long  and  1,000  feet  thick.  On  the  Pacific  coast  of  North 
America  glaciers  begin  to  appear  as  little  isolated  glacierets  in  the 
Sierra  of  Middle  California,  become  of  respectable  size  (2^  miles  long) 
on  Mount  Shasta,  almost  rival  those  of  the  Alps  (8  to  10  miles  long) 
on  Mount  Tacoma,  and  reach  grand  proportions,  running  into  the  sea 
and  forming  icebergs  in  Alaska.  For  example,  the  Muir  Glacier  is  a 
complex  system  of  ice-streams  altogether  more  than  100  miles  long. 
The  Malaspina  Glacier  is  a  great  Mer  de  Glace,  covering  an  area  of 
1,500  square  miles,  fed  by  many  ice-streams  coming  down  from  the 
Mount  St.  Elias  group. 

Continental  Ice-Sheet. — But  it  is  only  in  arctic  and  antarctic  regions 
that  we  find  ice  action  on  a  scale  which  gives  us  any  adequate  idea  of 
its  agency  in  the  Glacial  period.  Greenland  is  a  continental  mass  1,200 
miles  long  and  600  miles  wide.  Tliis  whole  area  of  600,000  square 
miles  is  buried  2,000  to  3,000  feet  deep  under  a  continuous  mass  of 
snow  and  ice  which  moves  bodily  with  slow  glacier  motion  seaward  in 
all  directions,  and  finally  through  the  great  fiords  into  the  sea  to  form 
icebergs.  The  antarctic  ice-sheet  is  much  larger;  it  covers  an  area 
of  4,000,000  to  8,000,000  square  miles  to  a  supposed  depth  of  10,000 
feet.  This  great  mass  moves  in  all  directions  with  slow  glacial 
motion,  and  runs  out  many  miles  to  sea  to  break  off  there  and  form 
icebergs. 


*  D'Archiac,  Histoire  de  Gdologic. 
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An  Individual  Glacier.— A  typical  glacier  may  be  divided  into  two 
parts:  a  great  amphitheatral  part  in  which  the  snows  are  gathered; 
and  an  icy  tongue  or  glacier  proper,  which  runs  from  the  amphi- 
theater or  cirque  down  the  valley.  Or  we  may  regard  water  as  exist- 
ino-  in  four  conditions:  first,  as  light  snow;  then,  as  we  go  down,  as 
neve  or  granular  snow — half  snow,  half  ice  ;  then  as  solid  glacier  ice  ; 
and,  finally,  as  a  river.  The  river  which  flows  from  the  snout  of  every 
glacier  is  formed  partly  by  the  natural  drainage  of  the  liydrographical 
basin,  but  mainly  by  the  melting  of  the  glacier  by  sun  and  air.  The 
thickness  removed  (ablation)  during  a  single  summer  is  18  to  25  feet. 
The  surface  of  a  glacier  is  therefore  covered  vi^ith  rushing  rills.  These 
do  not  run  the  whole  length,  but  soon  fall  into  crevasses,  find  their  way 
to  the  bottom,  and  generally  come  out  beneath  the  snout  of  the 
glacier. 


Fig.  38.— Ice-Pillars  on  Parker  Creek  Glacier,  California  (after  Bnssell). 


We  are  apt  to  suppose  that  the  surface  of  a  glacier  must  be  smooth. 
This  is,  however,  very  far  from  being  true.  On  the  contrary,  the  ex- 
treme roughness  of  the  ice-surface  renders  the  ascent  along  the  glacier 
extremely  difficult.  This  inequality  of  sm-face  is  due  partly  to  unequal 
melting  and  partly  to  cremsses,  or  fissures.  The  unequal  melting  is 
produced  as  follows :  A  stone,  lying  on  the  surface  of  a  glacier,  pro- 
tects the  surface  beneath  from  the  rays  of  the  sun.  Meanwhile  the 
surrounding  ice  is  melted,  until  finally  the  slab  of  stone  stands  on  a 
column  of  ice  often  several  feet  in  height  (Fig.  38).  A  slab  seen 
by  Forbes  measured  23  feet  long,  17  feet  wide,  and  3^  feet  thick, 
and  rested  on  a  column  13  feet  high.  In  such  cases  the  stone  finally 
falls  off,  leaving  a  sharp  pinnacle,  and  another  column  commences  to 
form  under  the  stone.    In  this  manner  are  formed  wliat  are  called 
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needles.  When  we  consider  that  there  are  immense  numbers  of  stones 
on  the  glacier-surface,  we  can  easily  see  that  these  needles  will  multi- 


FiG.  39.— Ice-Blades  on  Halli  : ,  Mummy  Mountain,  Colorado  (from  Photograph  by  Cbupin). 

ply  indefinitely.  If,  on  the  other  hand,  a  thin  stratum  of  earth  stains 
the  surface  of  the  glacier  in  spots,  these  spots  will  maM  faster  than  the 
surrounding  ice,  because  more  absorbent  of  heat,  and  thus  form  deep 
holes. 

An  admirable  illustration  of  extreme  inequality  of  the  surface  of 
ice  is  seen  in  the  case  of  the  small  residual  glacier  still  remaining  on 
Mount  Lyell,  Sierra  Nevada.*  On  the  top  of  Mount  Lyell  there  is  au 
immense  amphitheater  {cirqice),  filled  with  snow  and  ice.  In  August 
the  surface  of  this  ice-field  is  set  with  ice-blades,  three  to  four  feet  high 
and  only  two  feet  apart,  as  shown  in  Fig.  39.    They  are  probably 


*  Sec  paper  by  the  writer,  American  Journal  of  Science,  vol.  v,  p.  S33,  ISTS. 
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formed  as  follows :  In  winter,  when  the  snow  is  deep  and  light,  it  is 
blown  into  wind-ripples  on  a  large  scale.  These  soon  become  fixed  by 
surface  melting  and  freezing,  and  then  the  greater  action  of  the  sun  in 
the  troughs,  partly  by  the  reverberation  of  heat  and  partly  by  accumu- 
lation of  dust  there,  causes  these  to  become  deeper  and  deeper.  It  is 
necessary  to  remember  that  there  is  little  snow  or  rain  in  this  region 
after  about  the  first  of  May  until  November. 

Again,  fissures  or  crevasses,  often  of  great  size,  ten  to  twenty  feet 
wide,  one  hundred  feet  deep,  and  sometimes  running  entirely  across  the 
glacier,  are  very  abundant.  As  the  surface  of  the  glacier  is  often  cov- 
ered with  snow,  and  the  fissures  thus  concealed,  they  form  the  most 
dangerous  feature  connected  with  Alpine  travel.  The  law  which  gov- 
erns their  formation  will  be  discussed  hereafter;  suffice  it  to  say  that 
the  great  transverse  fissures  are  formed  by  the  glacier  passing  over  an 
angle  formed  by  a  sudden  change  in  the  slope  of  the  bed.  Streams, 
produced  by  the  melting  of  ice,  running  on  the  surface  of  the  glacier, 
plunge  into  these  fissures  with  a  thundering  noise,  and  hollow  out  im- 
mense wells,  called  mouUtis,  and  magnificent  ice-caves.  Although  the 
glacier  moves,  the  great  crevasses  and  the  wells  with  their  falls  remain 
stationary,  precisely  as  the  position  of  a  rapid  or  breaker  remains  sta- 


Fio.  40.— Inequalities  of  the  Surface  of  a  Glacier  (after  Agassiz). 


tionary,  although  the  river  runs  onward  ;  and  for  the  same  reason,  viz., 
that  it  is  reformed  always  on  the  same  spot. 

From  all  these  causes  the  surface  of  a  glacier  is  often  studded  over 
with  conical  masses  and  projecting  points  of  every  conceivable  shape. 
This  is  well  shown  in  the  accompanying  figure  (Fig.  40).    These  in- 
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equalities  are,  of  course,  the  result  of  differential  melting.  The  whole 
melting  (ablation)  is  much  greater,  even  as  much  as  twenty-five  feet 
in  the  course  of  the  summer.* 

Earth  and  Stones,  etc. — The  surface  of  a  glacier  is,  morever,  largely 
covered  with  earth  and  stones  gathered  in  its  course  from  the  crumbling 


Fig.  41.— Zermatt  Glacier  (Agassiz). 

cliffs  on  either  side.  These  are  often  so  abundant  as  almost  to  cover 
the  surface.  More  usually,  however,  they  are  distributed  in  two  or 
more  rows,  called  moraines.  Fig.  41  is  a  view  of  a  glacier,  with  its 
moraines  and  lateral  crevasses. 

Such  is  a  general  description  of  the  appearance  of  a  glacier.  There 
are,  however,  several  points  wiiich,  by  their  importance  and  interest, 
require  special  notice.  These  are:  1.  Moraines;  2.  Glaciers  as  a  geo- 
logical agent ;  3.  Glacier-motion ;  and  4.  Glacier-structiire. 

Moraines. 

There  are  four  kinds  of  moraines  described  by  writers,  viz.,  lateral 
moraines,  medial  moraines,  terminal  moraines,  and  ground  moraines. 
Lateral  moraines  are  continuous  lines  of  earth  and  stones,  arranged 
on  either  margin  of  the  glacier  and  evidently  formed  from  the  ruins  of 


*  Prestwich,  Geology,  vol.  i,  p.  176. 
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the  crumbling  cliffs  of  the  inclosing  valley.  This  debris  does  not  fall 
from  every  part  of  the  valley-sides,  but  generally  only  from  certain 
bold,  projecting  cliffs.  It  is  converted  into  a  continuous  line  by 
the  motion  of  the  glacier,  just  as  light  materials  thrown  constantly 
into  a  river  at  one  point  would  appear  as  a  continuous  line  on  the 
stream. 

Medial  moraines  are  similar  lines  of  debris^  occupying  the  central 
portions  of  the  glacier.  Sometimes  there  is  but  one ;  sometimes  two, 
or  more ;  sometimes  the  whole  surface  of  the  glacier  is  almost  covered 
■with  them.  The  true  explanation  was  first  pointed  out  by  Agassiz. 
They  are  formed  by  the  coalescence  of  the  interior  lateral  moraines  of 
tribtitary  glaciers,  carried  down  the  main  trunk  by  the  motion  of  the 
ice-current.  The  accompanying  map  (Fig.  42)  of  the  Mer  de  Glace 
and  its  tributaries  shows  clearly 
the  manner  in  which  these  mo- 
raines are  formed.  Both  lateral 
and  medial  moraines  are  gener- 
ally situated  on  a  ridge  of  ice, 
sometimes  fifty  to  eighty  feet 
high,  evidently  formed  by  the 
protection  of  the  ice,  in  this 
part,  from  the  melting  power  of 
the  sun.  The  fragments  of  rock 
brought  down  by  glaciers  are 
often  of  enormous  size.  One 
described  by  Forbes  contained 
•  244,000  cubic  feet. 

The  ground  moraine  is  the 
mass  of  debris  carried  between 
the  glacier  and  its  bed.  It  is 
derived  partly  from  erosion  of 
the  bed,  and  partly  from  top 
material  (lateral  and  medial  mo- 
raines) ingulfed  and  carried 
down  to  the  bottom. 

Everything  which  falls  upon 
the  surface  of  the  glacier  is 
slowly  and  silently  carried  down- 
ward by  this  ice-stream,  and 
finally  dropped  at  its  point. 
]Much  finely-triturated  matter  is  also  pushed  along  beneath  the  gla- 
cier, and  finds  its  way  to  the  same  point.  In  the  course  of  time  an 
immense  accumulation  is  formed,  of  somewhat  crescontic  shape,  as 
seen  in  Fig.  43. 


Fig.  42.— Mer  de  Glace. 
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This  accumulation  is  called  the  terminal  moraine.  It  is  the  delta 
of  this  ice-river.  The  existence  of  moraines  is  a  constant  witness  of 
the  motion  of  the  glaciers. 

•  Glaciers  as  a  Geological  Agent. 

Glaciers,  like  rivers,  erode  the  surface  over  which  they  move,  carry 
tlie  materials  gathered  in  their  course  often  to  great  distances,  and 
finally  deposit  them.  In  all  these  respects,  however,  the  effects  of  their 
action  are  perfectly  characteristic. 

Erosion. — When  we  consider  the  weight  of  glaciers  and  their  un- 
yielding nature  as  compared  with  water,  it  is  easy  to  see  that  their 
erosive  power  must  be  very  great.  This  is  increased  immensely  by 
fragments  of  stone  of  every  conceivable  size  carried  along  between  the 
glacier  and  its  bed.  These  partly  fall  in  at  the  sides  and  become 
Jammed  between  the  glacier  and  the  confining  rocks,  partly  fall  into 
crevasses  and  work  their  way  to  the  bed,  and  partly  are  torn  from  the 
rocky  bed  itself.  But  on  the  other  hand,  on  account  of  their  slow  mo- 
tion, glacier-erosion  is  by  force  of  pressure,  while  that  of  water  is  by 
force  of  impact.  The  effects  of  glacier-erosion  differ  entirely  from 
those  of  water  :  1.  Water,  by  virtue  of  its  perfect  fluidity,  wears  away 
the  softer  spots  of  rock,  and  leaves  the  harder  standing  in  relief ;  while 


Fia.  43.— Kochcs  Moutouiiui.;s  of  an  Anciout  tilucui,  nn.i.m.i  ,i;  i'  i       lu  i. 


a  glacier,  like  an  unyielding  rubber,  grinds  both  hard  and  soft  to  one 
level.    This,  however,  is  not  so  absolutely  true  of  glaciers  as  miglit  be 
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supposed.  Glaciers,  for  reasons  to  be  discussed  hereafter,  conform  to 
large  and  gentle  inequalities  of  their  beds,  though  not  to  small  ones, 
acting  thus  like  a  very  stijflij  viscous  body.  Thus  their  beds  are  worn 
into  very  remarkable  and  characteristic  smooth  and  rounded  depressions 
and  elevations  called  roches  moutonnees  (Fig.  43).  Sometimes  large 
and  deep  hollows  are  swept  out  by  a  glacier  at  some  point  where  the 


Fig.  44.— Glacial  Scorings  (after  Agassiz). 


rock  is  softer  or  where  the  slope  of  the  bed  changes  suddenly  from  a 
greater  to  a  less  angle.  If  the  glacier  should  subsequently  retire,  water 
accumulates  in  these  excavations  and  forms  lakelets.  Such  lakelets  are 
common  in  old  glacial  beds. 

3.  The  lines  produced  by  water-erosion,  if  detectible  at  all,  are 
I    always  more  or  less  irregular  and  meandering ;  while  those  produced 
by  glaciers  are  straight  and  parallel  (Fig.  44). 

Thus,  smooth,  gently-billowy  surfaces,  marked  with  straight,  parallel 
scratches,  are  very  characteristic  of  glacial  action.    We  will  call  such 
j    surfaces  glaciated^  and  the  process  glaciation. 

3.  The  turbidity  of  ordinary  rivers  is  usually  yellowish,  the  turbidity 
of  glacial  rivers  is  always  milky.  The  one  is  due  to  sediments  derived 
from  soil,  and  therefore  oxidized  ;  the  other  is  due  to  ground-up  sound 
rock  or  roclc-meal. 

j  Transportation. — The  transporting  power  of  glaciers  follows  no  law 
similar  to  that  pointed  out  under  rivers — in  fact,  it  has  no  relation  'at 
all  to  velocity.  The  reason  is,  that  the  stone  rests  on  the  surface  as  a 
floating  body.  There  is,  therefore,  no  limit  to  the  transporting  power. 
Howlders  of  250,000  cubic  feet  are  carried  with  the  same  ease  and  the 
same  velocity  as  the  finest  dust. 
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Deposit — Balanced  Stones. — A  water-current  carrying  stones  bruises 
and  rounds  their  corners,  and  deposits  tliem  always  in  the  most  secure 
positions ;  but  glaciers  often  deposit  huge  angular  fragments  of  rock 
in  the  most  insecure  positions — so  nicely  balanced,  sometimes,  that  a 
touch  of  the  hand  will  dislodge  them.  The  reason  is,  they  are  set 
down  by  the  gradually  melting  ice  with  inconceivable  gentleness.  Thus 
balanced  stones,  rocking-stones,  etc.,  are  common  in  glacial  regions. 
In  using  these  as  a  sign  of  glacial  action,  however,  we  must  recollect 
that  a  bowlder  dropped  by  any  agent,  or  even  a  bowlder  of  disintegra- 
tion (p.  6),  may  in  time  become  a  rocking-stone,  by  slow  but  irregular 
disintegration  changing  the  position  of  the  center  of  gravity.  But  angu- 
lar erratics  in  insecure  positions  are  very  characteristic  of  glacial  action. 

Material  of  the  Terminal  Moraine. — The  material  of  the  terminal 
moraine  is  very  characteristic  :  1.  It  consists  of  fragments  of  every  con- 
ceivable size,  from  huge  bowlders  down  to  fine  earth,  mixed  together 
into  an  heterogeneous  mass  entirely  different  from  the  neatly-sorted  de- 
posits from  water.  It  is,  therefore,  entirely  unsorted  and  unstratified, 
and  without  organic  remains.  2.  The  mass  consists  of  two  parts,  viz., 
that  which  is  carried  on  the  top  of  the  glacier,  and  that  which  was 
forced  out  beneath  [ground  moraine).  The  first  consists  of  loose  ma- 
terial containing  angular,  unworn  fragments ;  the  other  of  fine  compact 
material  containing  fragments  worn  and  polished,  and  scratched  with 
straight,  parallel  scratches,  but  in  both  cases  entirely  different  from 
water-worn  pebbles.  In  all  respects,  therefore,  the  action  of  glaciers  is 
characteristic  and  can  not  be  confounded  with  that  of  water. 

Evidences  of  Former  Extension  of  Glaciers.— It  is  by  evidence  of 
this  kind  that  the  former  great  extension  of  glaciers  in  regions  where 
they  now  exist,  and  the  former  existence  of  glaciers  in  regions  where 
they  no  longer  exist,  have  been  proved.  We  have  already  stated  that 
during  a  succession  of  cool,  damp  seasons,  a  glacier  may  extend  far 
beyond  its  previous  limits.  Similar  changes  take  place  also  in  the 
depth  of  a  glacier.  In  a  word,  glaciers  are  subject  to  floods  like  rivers ; 
only  these  floods,  instead  of  be- 
ing annual,  are  secular.    Now,   '  -.^^ 

as  rivers  after  floods  leave  float-    '^^2^'  * 

ing  material  stranded  on  the  \   -.^  t£>^ 

banks,  showing  the  height  of  ^■'J  .  y 

the  flood -water,  so,  in  the  de- 

crease  of  a  glacier,  lines  of  bowl-  M  /C- 

ders  are  left   stranded,  often  "  "^^^ 

delicately  balanced,  on  ledges  f>o.  4.v-section  ™  oi„mn^^^ 

high  up  the  sides  of  the  valley. 

These  lines  of  bowlders  mark  the  former  height  of  the  glacier.  Some 
of  these  lines  have  been  found  in  the  Alps  2,000  feet  above  the  present 
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level.  Fig.  45  is  ii  cross-section  of  a  glacial  valley.  The  dotted  lines 
show  the  former  level.  In  the  same  valleys  we  find  old  terminal  mo- 
raines (Fig.  46,  a')  miles  beyond  the  present  limit  of 
the  glacier.  The  characteristic  planing,  polishing, 
and  parallel  scoring,  have  been  found  equally  far  above 
the  present  level  and  beyond  the  present  limit  of 
Alpine  glaciers. 

Glacial  Lakes. — When  a  glacier  retreats,  the  water 
of  the  river  which  flows  from  its  point  may  accumu- 
late in  great  rock-basins  scooped  out  by  the  glacier,  or 
else  behind  the  old  terminal  moraines.  In  these  two 
ways  lakes  are  often  formed. 


Fir.  46  —Old  Ter- 
minal Moraines. 


Motion  of  Glaciers  and  its  Laws. 

Evidences  of  Motion. — That  glaciers  move  slowly 
down  their  valleys  was  long  known  to  Alpine  hunters. 
Elide  experiments  of  the  first  scientific  explorers  con- 
firmed this  popular  notion.  Hugi  in  1827  built  a  hut  upon  the  Aar 
glacier.  This  hut  was  visited  from  year  to  year  by  scientific  explorers 
and  its  change  of  position  measured.  In  1841  Agassiz  found  that  it 
had  moved  1,428  metres  in  fourteen  years,  or  about  100  metres  (330 
feet)  per  annum.  The  ruins  of  Agassiz's  hut  (Hotel  Neuchatelois), 
built  in  1840,  were  found  in  1884.  They  had  moved  in  forty-four 
years  7,900  feet.*  Numerous  other  observations  from  year  to  year 
by  Agassiz  and  others,  on  the  position  of  conspicuous  bowlders  lying 
on  the  surface  of  glaciers,  confirmed  these  results  and  placed  the 
fact  of  glacier-motion  beyond  doubt.  But  the  most  important  obser- 
vations determining  both  the  rate  and  the  latvs  of  glacier-motion  were 
made  in  1842  by  Prof.  Agassiz  on  the  Aar  glacier,  and  Prof.  Forbes 
on  the  Mer  de  Glace.  By  these  experiments,  carefully  made  by  driv- 
ing stakes  into  the  glacier,  in  a  straight  row  from  one  side  to  the 
other,  and  observing  the  change  in  the  relative  position  of  the  stakes, 
it  was  determined  that  the  center  of  the  glacier  moved  faster  than  the 
margins.  This  differential  motion  is  the  capital  discovery  in  relation 
to  the  motion  of  glaciers.  It  is  claimed  by  both  Agassiz  and  Forbes. 
It  had,  however,  been  previously  distinctly  stated,  though  not  proved, 
by  Bishop  Rendu. 

Laws  of  Glacier-Motion. — The  term  differential  motion  is  a  con- 
densed expression  for  all  the  laws  of  glacier-motion.  It  asserts  that 
the  different  parts  of  a  glacier  do  not  move  together  as  a  solid,  bnt 
m.ove  among  themselves  in  the  manner  of  a  fluid.  A  glacier  moves  like 
a  fluid,  though  a  very  stiff,  viscous  fluid  ;  its  motion  may  therefore  be 


*  Nature,  vol.  xxx,  p.  477,  1884. 
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rightly  called  viscoid.  We  will  mention  some  of  the  most  important 
laws  of  fluid-motion,  and  show  that  glaciers  conform  to  them : 

1.  The  Velocity  of  the  Central  Parts  is  greater  than  that  of  the 
Margins.— This,  well-known  law  of  currents,  the  result  of  friction  of 
the  fluid  against  the  containing  banks,  was  completely  proved  in  the 

case  of  glaciers  by  the  experiments  of  Agassiz  and 
Forbes,  and  recently  confirmed  in  the  most  perfect 
manner  by  Tyndall.  A  line  of  stakes,  abode  fg, 
placed  in  a  straight  row  across  a  glacier,  becomes 
every  day  more  and  more  curved,  as  seen  in  Fig. 
47.  The  exact  rate  of  motion  for  each  stake  is 
easily  measured  by  the  theodolite.  The  rate  of 
the  center  is  often  many  times  greater  than  that 
of  the  margins. 

2.  The  Velocity  of  the  Surface  is  greater  than 
that  of  the  Bottom. — This  law  of  currents,  which 
is  the  necessary  result  of  friction  on  the  bed,  is  more  difficult  to 
prove  in  the  case  of  glaciers,  because  it  is  difficult  to  get  a  vertical 
section.  The  necessary  observation  was,  however,  successfully  accom- 
plished by  Prof.  Tyndall  in  1857.  We  have  already  said  (page  57) 
that  glaciers  conform  to  large  but  not  to  small  inequalities  of  their 
channels  ;  a  glacier,  therefore,  passing  by  a  narrow  side-ravine  will 
expose  its  whole  thickness  on  the  side.  Prof.  Tyndall,  having  found 
such  a  side  exposure  more  than  140  feet  vertical,  placed  three  pegs  in 
a  vertical  line,  one  near  the  top,  one  near  the  middle,  and  one  at  the 
bottom  (Fig.  48,  a  b  c).  The  vertical  line  became  more  and  more 
inclined  daily.  The  daily  motion 
at  top  was  six  inches,  in  the  middle 
4*5  inches,  and  at  the  bottom  2*5 
inches.  Thus,  glaciers,  like  rivers, 
slide  on  their  beds  and  banks,  pro- 
ducing erosion;  but,  also,  the  sev- 
eral layers,  both  horizontal  and  ver- 
tical, slide  on  each  other. 

3.  The  Velocity  i7icreases  with  the  Slope.— Fig.  49  represents  the 
surface-slope  of  the  glacier  Du  Geant,  G;  the  3fer  de  Glace,  M;  and 
the  glacier  De  Bois,  B;  and  their  daily  motion.  The  increase  of  ve- 
locity with  the  slope  is  evident. 

4.  The  Velocity  increases  with  the  Fluidity. — The  daily  motion  of 
glaciers  is  greater  in  summer,  when  the  ice  is  rapidly  melting,  than  in 
winter;  and  in  mid-day  than  at  night. 

5.  The  Velocity  increases  with  the  Depth.— In  the  Alps,  where  the 
thickness  is  200  to  300  feet,  the  moan  daily  motion  is  one  to  three  feet; 
but  in  Greenland,  where  the  thickness  is  2,000  to  3,000  feet,  the  daily 


Fig.  48. 
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motion,  in  spite  of  the  much  lower  temperature,  is  in  some  cases  60 
feet*  or  even  99  fcet.f  The  Muir  Glacier  in  Alaska,  according  to 
Wright,  moves  70  feet  a  day;  but  the  later  results  of  Ried  make  it 
only  7  to  10  feet.^ 

18  IN  M  ■  ^ 


Fig.  50. 


Fig.  49. 

6.  Fluid  Currents  conform  to  the  Irregularities  of  their  Channel— 
Glaciers,  like  water-currents,  conform  to  the  inequalities  of  the  bottom 
and  sides  of  their  channels.    They  have 

their  shallows  and  their  deeps,  their  nar- 
rows and  their  lakes,  their  cascades,  their 
rapids,  and  their  tranquil  portions.  Fig. 
50  shows  a  glacier  running  through  a  nar- 
row gorge  into  a  wide  lake  of  ice,  and  again 
through  another  gorge.  There  is  this 
difference,  however,  between  a  glacier  and 
a  water-current,  viz.,  that,  while  the  latter 
conforms  to  even  the  mimttest  and  sharp- 
est outlines,  the  former  conforms  only  to 
the  larger  or  more  gentle.  In  this,  a  gla- 
cier acts  like  a  stiff,  viscous  fluid. 

7.  The  Line  of  Siviftest  Motion  is  more  sinuous  than  the  Channel. 
— We  have  already  seen  that  this  is  true  of  rivers  (page  24).    The  line 

of  swiftest  current  is  reflected  from  side  to  side,  in- 
creasing the  curves  by  erosion.  The  same  has  been 
proved  by  Tyndall  to  be  the  case  with  glaciers.  Fig. 
51  represents  a  portion  of  a  sinuous  glacier,  like  the 
Mer  de  Glace  :  the  dotted  line  represents  the  line  of 
swiftest  motion. 

8.  Partial  currents  up  and  down  and  side  to  side 
by  inequalities. 

Theories  of  Glacier  Motion. 

There  are  few  subjects  connected  with  the  physics 
of  the  earth  which  have  excited  more  interest  than 
that  of  glacier-motion.  The  subject  is  one  of  exceed- 
ing beauty,  and  not  without  geological  importance. 
Pnssing  over  several  very  ingenious  theories  wliic.h 
have  now  been  abandoned,  the  first  theory  which  Avas 


Fio.  51. 


*  Helland,  Journal  of  Geological.  Society,  vol.  xxxiii,  p.  142  ct  seq. 

t  Science,  vol.  xi,  p.  259,  1888.  :|:  American  Geologist,  vol.  ii,  p.  27fi,  1893. 
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conceived  in  the  true  inductive  spirit,  and  which  explains  the  differ- 
ential motion,  is  that  of  Prof.  James  Forbes. 

Viscosity  Theory  of  Forbes. 

Statement  of  the  Theory. — According  to  Forbes,  ice,  though  appar- 
ently so  hard  and  solid,  is  really,  to  a  slight  extent,  a  viscous  body. 
In  small  masses  this  property  is  not  noticeable,  but  in  large  masses 
and  under  long-continued  pressure  it  slowly  yields,  and  will  flow  like 
a  stiffly  viscous  fluid.  In  large  masses  like  a  glacier,  this  steady, 
powerful  pressure  is  furnished  by  the  immense  weight  of  the  super- 
incumbent ice. 

Argument. — It  is  evident  that  this  theory  completely  accounts  for 
all  the  phenomena  of  glacier  motion,  even  in  their  minutest  details. 
A  glacier,  beyond  all  doubt,  moves  like  a  viscous  body,  but  it  is  still  a 
question  whether  it  does  so  by  virtue  of  a  property  of  viscosity.  The 
proposition  that  ice  is  a  viscous  substance  seems  at  first  palpably  ab- 
surd. It  is  necessary,  therefore,  to  show  that  this  proposition  is  not  so 
absurd  as  it  seems. 

The  properties  of  solidity  and  liquidity,  though  perfectly  distinct 
and  even  incompatible  in  our  minds,  nevertheless,  in  Nature,  shade 
into  one  another  in  the  most  imperceptible  manner.  MaUeability, 
plasticity,  and  viscosity  are  intermediate  terms  of  a  connecting  series. 
The  idea  which  underlies  all  these  expressions  is  that  of  capacity  of 
motion  of  the  molecules  among  themselves  without  rtqjture  :  the  differ- 
ence among  them  being  the  greater  or  less  resistance  to  that  motion. 
In  the  case  of  malleable  bodies,  like  the  metals,  great  force  is  required 
to  produce  motion  ;  in  plastic  bodies,  like  wax  or  clay,  less  force  is  re- 
quired ;  in  viscous  bodies,  like  stiff  tar,  motion  takes  place  spontane- 
ously but  slowly ;  while  in  liquids  it  takes  place  freely  and  with  little 
or  no  resistance.  In  all  these  cases,  if  the  pressure  be  sufficient,  the 
body  will  change  its  form  without  rupture — in  other  words,  will^^ow. 
Now,  by  increasing  the  mass  we  may  increase  the  pressure  to  any  ox- 
tent.  Therefore,  all  malleable,  ductile,  plastic,  or  viscous  bodies,  if  in 
sufficiently  large  masses,  will  flow  like  water.  Thus,  a  mass  of  lead, 
sufficiently  thick,  would  certainly  flow  under  the  pressure  of  its  own 
weight. 

But  solid  bodies  may  be  divided  into  two  great  classes,  viz.,  bodies 
which  are  malleable,  plastic,  or  viscous,  and  bodies  which  are  brittle  ; 
the  very  idea  of  brittloness  being  that  of  total  incapacity  of  motion 
among  the  particles  without  rupture.  Now,  ice  belongs  to  the  class  of 
brittle  bodies.  Forbes  attempts  to  remove  this  difficulty  by  showing 
that  many  apparently  brittle  bodies  will  also  flow  under  their  own 
weight ;  for  instance,  pitch,  so  hard  and  brittle  that  it  flies  to  pieces 
under  a  blow  of  the  hammer,  will,  if  the  containing  barrel  be  removed, 


RRGELATION  THEORY  OF  TYNDALL. 


63 


flow  and  spread  itself  in  every  direction.  So,  also,  molasses-candy, 
made  quite  hard  and  brittle,  will  still  flow  by  standing.  A  remarkable 
pitch-lake,  about  three  miles  in  circumference,  occurs  in  Trinidad. 
The  pitch  is  described  as  in  constant,  slow-boiling  motion,  coming  up 
in  the  center,  flowing  over  to  the  circumference,  and  again  sinking 
down.  Yet  this  pitch  in  small  masses,  would  be  called  solid  and 
brittle.  Struck  with  a  hammer,  it  flies  to  pieces  like  glass.  In  fact, 
the  essential  peculiarity  of  a  stiff,  viscous  body,  in  which  it  differs 
from  malleable  or  plastic  bodies,  is,  that  it  yields  only  to  slowly-applied 
force. 

Forbes,  therefore,  thinks  that  glacier-ice  is  an  exceedingly  stiff,  vis- 
cous substance,  which,  though  apparently  brittle  in  small  quantities  and 
to  sudden  force,  yet,  under  the  slow-acting  but  powerful  pressure  of 
its  own  weight,  flows  down  the  slope  of  its  bed,  squeezing  through 
narrows  and  spreading  out  into  lakes,  conforming  to  all  the  larger  and 
gentler  inequalities  of  bed  and  banks,  but  not  to  the  sharper  ones. 
The  velocity  of  motion  is  small  in  the  same  proportion  as  the  viscous 
mass  is  stiff.  The  descent  of  the  Mer  de  Glace  from  the  cascade  of 
the  Glacier  du  Geant  to  the  point  of  Glacier  de  Bois,  a  distance  of 
ten  miles,  is  4,000  feet.  Water,  under  these  circumstances,  would  rush 
with  fearful  velocity.  The  glacier  moves  but  two  feet  in  twenty-four 
hours. 

Such  viscosity  of  ice  as  supposed  by  Forbes  is  now  proved  by  ex- 
periments. Ice-boards  supported  at  the  two  ends  bend  into  an  arc 
under  their  own  weight.  Cylinders  of  snow  compacted  into  ice  may 
be  bent  in  the  hand  to  a  semicircle  without  rupture,*  and  bars  of  ice 
may  even  be  stretched  by  slow  pulling. f 

Regelatioii  Theory  of  Tyndall. 

If  ice  be  indeed  a  viscous  body,  then  there  seems  no  reason  why  it 
should  not  yield  to  pressure  even  in  small  masses,  if  the  pressure  be 
sufficiently  slowly  graduated.  In  the  hands  of  a  skillful  experiment- 
alist it  ought  to  exhibit  this  property.  Prof.  Tyndall  tried  the  ex- 
periment. Masses  of  ice  of  various  forms  were  subjected  to  slowly- 
graduated,  hydrostatic  pressure.  In  every  case,  however  slowly  grad- 
uated the  pressure,  the  ice  broke;  but  if  the  broken  fragments  were 
pressed  together,  they  reunited  into  new  forms.  In  this  manner,  ice 
in  the  hands  of  Prof.  Tyndall  proved  as  plastic  as  clay :  spheres  of 
ice  {a,  Fig.  52)  were  flattened  into  lenses  {h),  hemispheres  (c)  were 
changed  into  bowls  (rf),  and  bars  (c)  into  semi-rings  (/).    He  even 


*  Aitkin,  American  Journal  of  Science,  vol.  v,  p.  305,  third  serie?,  1873. 
t  American  Journal  of  Science,  vol.  xxxiv,  p.  M9,  1887  ;  and  Nature,  vol  xxxis 
203,  1888.  ' 
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asserts  that  ice  may  be  molded  into  any  desirable  form ;  e.  g,,  into  vases, 
statuettes,  rings,  coils,  knots,  etc.  Here,  then,  we  have  a  power  of  being 
molded  such  as  was  not  dreamed  of  before;  but  this  power  was  not  dc- 


A 


B 


a 


Tig.  52. — A  B  C,  molds;  ace,  original  forms  of  the  ice;  b  d  f,  the  forms  into  which  they 

were  molded. 


pendent  on  a  property  of  viscosity,  but  upon  another  property  long 
known,  but  only  recently  investigated  by  Faraday,  viz.,  the  property  of 
regelation. 

Regelation. — If  two  slabs  of  ice  be  laid  one  atop  of  the  other,  they 
soon  freeze  into  a  solid  mass.  This  will  take  place  not  only  in  cold 
weather,  but  in  midsummer,  or  even  if  boiling  water  be  thrown  over 
the  slabs.  If  a  mass  of  ice  be  broken  to  pieces,  and  the  fragments  be 
pressed  or  even  brought  in  contact  with  one  another,  they  will  quickly 
unite  into  a  solid  mass.  Snow  pressed  in  the  warm  hand,  though  con- 
stantly melting,  gradually  becomes  compacted  into  solid  ice.  This 
very  remarkable  but  imperfectly  understood  property  of  ice  completely 
explains  the  phenomena  of  molding  ice  by  experiment.  By  this  prop- 
erty the  broken  fragments  reunite  in  a  new  form  as  solid  as  before. 
We  may  possibly  call  this  property  of  molding  under  -pressure  2}lasticiti/ 
(although  it  is  not  true  plasticity,  since  it  does  not  mold  without  rupt- 
ure, but  by  rtipture  and  regelation)  ;  but  it  can  not  in  any  sense  be 
called  viscosity,  for  the  true  definition  of  viscosity  is  the  property  of 
yielding  under  tetision — the  property  of  stretcJmig  like  molasses-candy, 
or  melted  glass ;  but  ice  in  the  experiments,  according  to  Tyndall,  did 
not  yield  in  the  slightest  degree  to  tension.  In  the  experiment,  if,  in- 
stead of  placing  the  straight  bar  at  once  into  the  curved  mold,  it  had 
been  placed  successively  in  a  thousand  molds,  with  gradually-increased 
curvature,  or,  still  better,  if  placed  in  a  straight  mold,  and  this  mold, 
while  under  pressure,  curved  slowly,  then  there  would  have  been  no 
sudden  visible  ruptures,  but  an  infinite  number  of  small  ruptures  and 
regelations  going  on  all  the  time.  The  ice  would  have  behaved  pre- 
cisely like  a  viscous  body.  Now,  this  is  precisely  what  takes  place  in  a 
glacier. 
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Application  to  Glaciers. — A  glacier,  on  account  of  its  immense 
mass,  is,  in  its  lower  parts,  under  tlie  heavy  pressure  of  its  own  weight 
lending  to  mold  it  to  the  inequalities  of  its  own  bed,  and  in  every  part 
under  a  still  more  powerful  pi'essure — a  pressure  proportioned  to  the 
height  of  the  head  of  the  glacier — urging  it  down  the  slope  of  its  bed. 
Under  the  influence  of  this  pressure  the  mass  is  continually  yielding 
by  fracture  of  all  sizes,  but,  after  changing  the  position  of  its  parts, 
again  uniting  by  regelation.  By  this  constant  process  of  crushing, 
change  of  form,  and  reunion,  the  glacier  behaves  like  a  plastic  or  vis- 
cous body  ;  though  of  true  plasticity  or  true  viscosity  there  is,  accord- 
ing to  Tyndall,  none.  In  fact,  we  have  in  the  phenomena  of  glaciers 
the  most  delicate  test  of  viscosity  conceivable ;  but  we  find  the  glaciers 
will  not  stand  the  test.  For  instance,  the  slope  of  the  Mer  de  Glace  at 
one  point  changes  from  4°  to  9°  25'  *  (Fig.  53),  and  yet  the  glacier, 


Fig.  53. 

although  moving  but  two  feet  a  day,  can  not  make  this  slight  bend 
without  rupture ;  for  at  this  point  there  are  always  large  transverse 
fissures  which  heal  up  below  by  pressure  and  regelation.  In  another 
place  the  glacier  is  similarly  broken  by  passing  an  angle  produced  by  a 
change  of  slope  of  only  2°.  It  seems  almost  impossible  that  a  body 
having  the  slightest  viscosity  should  be  fractured  under  these  circum- 
stances. Tyndall  concludes,  therefore,  that  the  motion  of  glaciers  is 
viscoid,  but  the  body  is  not  viscous — the  viscoid  motion  being  the  re- 
sult, not  of  the  property  of  viscosity,  but  of  fracture,  change  of  position, 
and  regelation. 

Comparison  of  the  Two  Theories. — Forbes's  theory  supposes  motion 
among  the  ultimate  particles,  tuithout  rupture.  Tyndall's  supposes 
motion  among  discrete  particles  hy  rupture,  change  of  position,  and 
regelation.  The  undoubted  viscoid  motion  is  equally  explained  by 
both  :  by  the  one,  by  a  property  of  viscosity  ;  by  the  other,  by  a  prop- 
erty of  regelation.  There  can  be  little  doubt  that  both  views  are  true, 
and  that  both  properties  are  concerned  in  glacial  motion. 

Rece?}t  Theories. 

CroU's  Theory. — Croll  has  recently,  in  his  work  on  Climate  and 
Time,  brought  forward  a  theory  which  has  attracted  much  attention. 
Moseley  had  previously  attempted  to  prove  the  untenableness  of  all 
theories  attributing  the  motion  of  glaciers  to  gravity,  by  showing  ex- 
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*  Tyndall,  Glaciers  of  the  Alps. 
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I)erimentally  that  the  shearing  force  of  ice  (the  force  necessary  to  slide 
one  hxyer  on  another,  as  in  dilt'orential  motion)  is  many  times  greater 
than  tlaat  portion  of  gravity  which  acts  in  the  direction  of  the  slope 
of  a  glacial  bed.  Croll,  accepting  Moseley's  view  in  regard  to  the 
shearing  force  of  ice,  but  accepting  also  gravity  as  the  moving  foi'ce 
of  glaciers,  thinks  to  reconcile  these  by  supposing  that  there  is  in 
ice,  when  subjected  to  heat,  a  momentary  loss  of  cohesion  by  melting, 
which  is  transferred  from  molecule  to  molecule^  giving  rise  thereby  to 
a  kind  of  intestine  molecular  motion  similar  in  its  effects  to  viscosity. 
The  process  is  as  follows  :  Heat  falling  on  glacier-ice  melts  its  surface. 
The  water  thus  formed  runs  down  to  a  lower  level,  and  is  again  re- 
frozen.  ISTow,  what  takes  place  consincuously  on  the  surface  takes 
place  molecularly  in  the  interior  of  the  ice.  In  every  part  the  ice- 
molecules  are  melting  and  refreezing.  A  molecule  takes  up  heat  by 
melting,  runs  down  to  an  infinitesimally  lower  point,  refreezes,  and  in 
so  doing  gives  up  its  heat  and  melts  another  molecule,  which  in  its 
turn  seeks  a  lower  position,  and,  by  refreezing,  transfers  its  heat  and 
fusion  to  still  another  molecule,  and  so  on.  Thus  the  whole  glacier  is 
in  a  state  of  molecular  movement  downward. 

The  theory  is  ingenious,  but  somewhat  obscure.  We  will,  there- 
fore, dismiss  it  with  two  remarks :  1.  Moseley's  objection  to  gravity  as 
the  moving  force  of  glaciers  is  invalidated  by  the  fact  that  he  does 
not  take  sufficiently  into  account  the  effect  of  time  and  sloioly-apjylied 
jrressure  in  determining  shearing;  and  iti  stiffly  viscous  substances 
time  is  the  controlling  element.  2.  Until  we  understand  better  than 
we  now  do  the  actual  behavior  of  ice-molecules  in  glacial  motion, 
CroU's  theory  must  be  regarded  only  as  a  modification  (though,  per- 
haps, an  important  modification)  of  Forbes's;  for  it  supposes  a  mo- 
lecular  differential  motion  determined  by  gravity,  and  into  which  both 
heat  and  time  enter  as  elements.  It  is  an  attempted  physical  explana- 
tion of  the  viscosity  of  ice. 

Thomson's  Theory. — Some  time  ago  James  Thomson  brought  for- 
ward a  theory  which  deserves  far  more  attention  than  it  has  yet  re- 
ceived. Thomson  shows  that  the  fusing-point  of  ice  is  lojvered,  and, 
therefore,  that  ice  at  or  near  its  fusing-point  (as  is  the  fact  in  glaciers) 
\%  promptly  melted  by  pressure.  Now,  it  is  obvious  that,  in  the  dif- 
ferential motion  of  glaciers,  whatever  point  at  any  moment  receives 
the  greatest  stress  of  pressure  must  jnelt  and  give  way,  and,  the  stress 
being  relieved,  it  must  immediately  again  refreeze.  Meantime,  by 
change  of  relative  position  of  parts,  the  stress  is  transferred  to  some 
other  point,  which  in  its  turn  melts,  gives  way,  is  refrozen,  and  trans- 
fers its  stress  to  still  another  point,  and  so  on.  If  we  compare  this 
theory  with  Tyndall's,  in  both  cases  the  ice  gives  way  at  the  point  of 
greatest  stress — in  the  one  case  stress  of  tension,  in  the  other  of  press- 
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xii'Q  in  the  one  case  by  f  racture,  in  the  other  by  melting.  Differential 

motion,  therefore,  in  the  one  case  is  by  fracture,  change  of  position, 
and  regelation  ;  in  the  other  by  melting,  change  of  ^josition,  and  rege- 
lation* 

Structure  of  Glaciers. 

There  are  two  points  connected  with  the  structure  of  glaciers 
which  require  notice,  viz.,  the  veined  structure  and  t\\Q  fissu.res. 

Veined  Structure. — The  ice  of  glaciers  is  not  homogeneous,  but 
consists  of  white  vesicular  ice  (white  because  vesicular),  banded,  often 
very  beautifully,  with  solid  transparent  blue  ice  (transparent  blue 
because  solid),  the  banding  sometimes  so  delicate  that  a  hand-specimen 


Fig.  54. — Sections  of  a  Glacier.  Fig.  55. — Ideal  Diagram,  showing  Struct- 

ure of  Glaciers  (after  Forbes). 


looks  like  striped  agate.  These  blue  veins  are  not  continuous  planes, 
but  apparently  yexy  flat  lenticular  in  shape,  varying  in  thickness  from 
a  line  to  several  inches,  and  in  length  from  a  few  inches  to  several 
feet.  Their  direction  being  parallel  to  one  another,  they  give  a  strati- 
fied or  cleavage  structure  to  the  glacier,  and,  in  melting,  the  glacier 
often  splits  or  cleaves  along  these  planes.  According  to  Prof.  Forbes, 
looking  upon  the  glacier  as  a  whole,  we  may  regard  tlie  strata  as  taking 
the  form  represented  by  the  subjoined  figures.  In  a  section  parallel  to 
the  surface  (Fig.  54,  a),  the  strata  outcrop  in  the  form  of  loops.  A 
cross-section  (Fig.  54,  b)  shows  them  lying  in  troughs,  and  a  longi- 
tudinal vertical  section  (Fig.  54,  c)  shows  the  manner  in  which  they 


*  Recent  experiments  by  Miiggc  (Jour.  Geol.,  vol.  iii,  p.  966)  seem  to  prove  that  the 
apparent  viscosity  of  glaciers  is  the  result  of  shearing  along  the  cleavage  planes  of  the 
crystalline  granules  of  the  glacier-ice. 
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dip.  Fig.  55  is  an  ideal  glacier  cut  in  several  directions,  and  combining 
iu  one  view  the  three  sections  given  above.  It  is  generally  inijjossible 
to  trace  the  veins  around  from  side  to  side.  Sometimes  they  are  most 
distinct  on  the  margins,  and  then  are  called  marginal  vems ;  some- 
times at  the  point  of  the  loop — transverse  veins;  sometimes  tributaries 
running  together,  as  in  the  figure  (Fig.  55)— the  interior  branches  of 
the  two  loops  coalesce,  and  are  flattened  against  one  another,  and  form 
longitudinal  veins. 

Fissures.— These  are  also  marginal,  transverse,  and  longitudinal. 
The  marginal  fissures  are  shown  ia  Fig.  41 ;  they  are  always  at  rigiit 
angles  to  the  marginal  veins. 

Theories  of  Structure. 

Fissures. — There  can  be  no  doubt  that  the  great  fissures  or  crevasses 
are  produced  by  teiision  or  stretching,  and  that  their  direction  is  always 
at  right  angles  to  the  line  of  greatest  tension.  Thus  the  transverse 
fissures  are  produced  by  the  stretching  of  the  glacier  in  passing  over  a 
salient  angle.  The  marginal  fissures  are  produced  by  the  dragging  or 
pulling  of  the  swifter  central  portions  upon  the  slower  marginal  por- 
tions. It  has  been  proved  by  Hopkins,  the  English  physicist  and  geolo- 
gist, that  the  line  of  greatest  tension  from  this  cause  would  be  inclined 
45°,  with  the  course  of  the  glacier  as  shown  by  the  arrows  (Fig.  56). 


The  fissures  should  be  at  right  angles  to  these  lines,  and,  therefore,  also 
inclined  45°  with  the  margin,  and  running  n^jward  and  inward.  The 
longitudinal  fissures  are  best  seen  where  a  glacier  runs  through  a  nar- 
row gorge  out  on  an  open  plain.  The  lateral  spreading  of  the  glacier 
causes  it  to  crack  longitudinally  (Fig.  57).  Fig.  58  is  a  longitudinal 
vertical  section  of  the  same. 

Veined  Structure. — Tyndall  has  shown  conclusively  that  veins  arc 
always  at  right  angles  to  the  line  of  greatest  pressure,  and  that,  there- 
fore, they  are  produced  by  pressure.  Thus  fissures  and  veins,  being 
produced  by  opposite  causes — one  by  tension  and  the  other  by  pressure — 
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are  formed  under  opposite  conditions.  As  transverse  fissures  are  pro- 
duced by  the  longitudinal  stretching  of  a  glacier  passing  over  a  salient 
angle,  so  transverse  veins  are  formed  by  the  longitudinal  compression 


Fig.  58.  Fio.  59. 


of  a  glacier  passing  over  a  re-entering  angle.  Fig.  58  is  a  section  of 
the  Rhone  glacier  (Fig.  57),  showing  the  crevasses  {c  c  c)  produced  by 
the  steep  declivity,  and  the  veined  structure  (s  s  s)  produced  by  the 
compression  consequent  upon  the  change  of  angle  on  coming  out  on  the 
plain.  The  relation  of  crevasses  and  vein-structure  is  still  better  shown 
in  the  ideal  section  (Fig.  59). 

Again,  as  marginal  fissures  are  produced  by  the  pulling  of  the  cen- 
tral portions  upon  the  lagging  margins  lehind,  so  the  marginal  veins 
are  produced  by  the  crowding  or  pushing  of  the  swifter  central  parts 
on  the  slower  marginal  parts  in  front  (Fig.  60).  The  marginal  veins 
are,  therefore,  inclined  to  the  margin  about  45°,  but  pointing  inward 
and  downward^  and,  therefore,  at  right  angles  to  the  crevasses.  The 
relation  of  these  to  one  another  is  shown  in  Fig.  61. 


Fig.  60.  Pia.  61.  Fio.  02. 


Finally,  as  longitudinal  fissures  are  produced  by  lateral  spreading 
(Fig.  57),  so  longitudinal  veins  are  produced  by  lateral  compression. 

This  is  best  seen  where  two  tributaries  meet  at  a  high  angle  (Fig.  62)  

for  instance,  where  the  Glacier  du  Geant  and  the  Glacier  de  Lechaud 
form  the  Mer  de  Glace  (Fig.  42).  All  these  facts  have  been  experi- 
mentally illustrated  by  Tyndall. 
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Physical  Theory  of  Veins— There  is  little  doubt  that  veins  are 
formed  by  pressure  at  right  angles  to  the  direction  of  the  veins;  but 
hotu  pressure  produces  this  structure  is  very  imperfectly  understood. 
Probably  at  least  a  partial  explanation  is  contained  in  the  following 
propositions :  1.  White  vesicular  ice  by  powerful  pressure  is  crushed, 
the  air  escapes,  and  the  ice  is  refrozen  into  solid  blue  transparent  ice. 
2.  Ice  being  a  substance  which  expands  in  freezing,  and,  therefore,  con- 
tracts in  melting,  its  freezing  and  melting  point  is  lowered  by  pressure. 
Therefore,  ice  at  or  near  32°  Fahr.  is  melted  by  pressure.  Now,  the 
glacier  is  under  powerful  pressure  of  its  own  weight,  and  the  stress  of 
this  pressure  is  ever  changing  from  point  to  point  by  the  changing 
position  of  the  particles  produced  by  the  motion.  Thus  the  glacier  in 
places  is  ever  melting  under  pressure,  and  again  refreezing  by  relief  of 
pressure.  The  melting  discharges  the  air-bubbles,  and,  in  refreezing, 
the  ice  is  blue.  3.  No  substance  is  perfectly  homogeneous,  and  of 
equal  strength  in  all  parts  ;  therefore,  this  crushing  and  melting,  and 
consequent  conversion  of  white  into  blue  ice,  take  place  irregularly  in 
spots.  4.  As  ice  of  a  glacier  acts  like  a  viscous  substance,  the  final 
effect  of  pressure  would  be  to  flatten  these  spots,  both  white  and  blue, 
in  the  direction  of  greatest  pressure,  and  extend  them  in  a  direction  at 
right  angles  to  the  pressure,  and  thus  create  bands  in  this  direction.  5. 
Differential  motion  would  also  tend  to  bring  the  veins  into  the  direction 
indicated  by  Forbes. 

Floating  Ice — Icebergs. 

We  have  already  seen  (page  50)  that  at  a  certain  latitude,  varying 
from  46°  in  South  America  to  about  65°  in  Norway,  glaciers  touch  the 
surface  of  the  ocean.   Beyond  this  latitude,  they  run  out  to  sea  often  to 


Pio.  63.— Formation  of  Icebcrgo. 


great  distances.  By  the  buoyant  power  of  water,  assisted  by  tides  and 
waves,  these  projecting  floating  masses  are  broken  off,  and  accumulate 
as  immense  ice-barriers  in  polar  seas,  or  are  drifted  away  by  currents 
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toward  the  equator.  Such  floating  fragments  of  glaciers  are  called  ice- 
bergs. Fig.  G3  is  an  ideal  section,  through  a  glacial  valley,  in  which 
a  g  is  the  glacier,  b  the  cliffs  beyond,  I  s'  the  sea-level,  and  i  an  iceberg. 

The  principal  source  of  the  icebergs  of  the  north  Atlantic  is  the 
coast  of  Greenland.  This  country  is  an  elevated  table-land,  sloping 
in  every  direction  to  a  coast  deeply  indented  like  Norway,  with  altei'- 
nate  deep  fiords  and  jutting  headlands.  The  whole  table-land  is  com- 
pletely covered  with  an  ice-sheet,  probably  several  thousand  feet  thick, 
moving  slowly  seaward,  and  discharging  through  the  fiords  as  immense 
glaciers,*  which,  as  already  explained,  form  icebergs.  In  this  remarka- 
ble country  no  water  falls  from  the  atmosphere  except  in  the  form  of 
snow,  and  all  the  river's  are  glaciers.  The  geological  effects  of  such  a 
moving  ice-sheet  may  be  easily  imagined.  The  whole  surface  of  the 
country  rock  must  be  polished  and  scored,  the  general  direction  of  the 
striae  being  parallel  over  large  areas. 

The  antarctic  continent  is  probably  similarly,  and  even  more  thick- 
ly, ice-sheeted,  for  the  humid  atmosphere  of  that  region  is  very  favorable 
to  the  accumulation  of  snow  and  ice.  Captain  Wilkes  found  an  impen- 
etrable ice-barrier,  in  many  places  150  to  200  feet  high,  for  1,200  miles 
along  that  coast.  From  this  ice-barrier,  icebergs  separate  and  are 
drifted  toward  the  equator. 

The  formation  of  icebergs  in  polar  regions,  and  their  drifting  into 
warmer  latitudes,  to  be  melted  there,  are  evidently  a  necessary  conse- 
quence of  the  great  law  of  circulation,  for  otherwise  ice  would  accumu- 
late without  limit  in  these  regions.  But,  by  glacial  motion,  the  excess 
is  brought  down  to  the  sea,  broken  off  as  icebergs,  carried  southward 
by  currents,  and  there  melted  and  returned  into  the  general  circulation 
of  meteoric  waters. 

General  Description. — The  mt ruber  of  icebergs  accumulated  about 
polar  coasts  is  almost  inconceivable.  Scoresby  counted  500  at  one 
view.  Kane  counted  280  of  the  first  magnitude  at  one  view.  They 
are  often  200  and  sometimes  even  400  feet  high,  and  the  mass  above 
water  66,000,000  cubic  yards  (Dr.  Rink).  As  the  specific  gravity  of 
ice  is  0-918,  if  these  were  solid  ice,  there  would  be  about  one  twelfth 
above  water;  but  as  glacier-ice  is  somewhat  vesicular,  there  is  about 
one  seventh  above  water.  The  thickness  of  some  of  these  icebergs 
must  therefore  be  3,000  to  3,000  feet,  and  their  volume  near  500,000,000 
cubic  yards,  which  is  about  equivalent  to  a  mass  one  mile  square  and 
500  feet  thick.  Under  the  influence  of  the  melting  power  of  the  sun 
unequally  affecting  different  parts,  they  assume  various  and  often 
strange  forms.  The  accompanying  figure  (Fig  G4)  gives  the  usual  ap- 
pearance in  the  northern  Atlantic.   Those  separated  from  the  antarctic 


*  Dr.  Rink,  Archives  des  Sciences,  vol.  xxvii,  p.  155. 
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barrier  present,  before  they  have  been  much  acted  upon  by  the  sun,  a 
much  more  regularly  prismatic  appearance.  Fig.  65  gives  the  appear- 
ance of  one  of  these  prismatic  blocks  or  tables,  180  feet  high,  seen  by 
Sir  James  Eoss  in  the  antarctic  seas. 


Fig.  64. 


Icebergs  as  a  Geological  Agent— Erosion. — The  polishing  and  scor- 
ing effects  of  the  ice-sheets  and  of  their  discharging  glaciers  must,  of 
course,  extend  over  the  sea- bottoms  about  polar  coasts  as  far  as  the 
glaciers  touch  bottom,  which,  considering  their  immense  thickness, 
must  be  for  considerable  distances  (Fig.  63,  s'  to  g).  This,  however,  is 
glacier  agency  rather  than  iceberg  agency.  On  being  separated  they 
float  away,  and  are  carried  by  currents  with  their  immense  loads  of 


Fio.  66. 


earth  and  bowlders,  amounting  often  to  100,000  tons  or  more,  as  far 
as  40°  or  even  36°  latitude,  where,  being  gradually  melted,  they  drop 
their  burden.  If  the  water  be  not  sufficiently  deep,  they  ground,  and 
being  swayed  by  waves  and  tides  they  chafe  and  score  the  bottom  in  a 
somewhat  irregular  manner;  or,  packing  together  in  large  6elds,  and 
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urged  onward  by  powerful  currents,  they  may  possibly  score  tlie  bot- 
tom over  considerable  areas  somewhat  in  the  manner  of  glaciers.  A 
large  iceberg  will  ground  in  water  2,000  and  3,500  feet  deep ;  they 
have  been  found  by  James  Koss  actually  aground  in  1,560  feet  of  water 
olf  Victoria  Land.  A  true  glaciated  surface,  however,  can  not  be  pro- 
duced by  icebergs. 

Deposits. — The  bottom  of  the  sea  about  polar  shores  is  found  deeply 
covered  witli  the  materials  brought  down  by  glaciers  and  dropped  by 
icebergs  (Fig.  63).  Again,  similar  materials  are  carried  by  icebergs  as 
far  as  these  are  drifted  by  currents,  and  spread  on  the  bottom  of  the 
sea  everywhere  in  the  course  of  these  currents.  Where  stranded  ice- 
bergs accumulate,  as  on  the  banks  of  Newfoundland,  large  quantities 
of  such  materials  are  deposited.  These  banks  are  in  fact  supposed  to 
have  been  formed,  in  part  at  least,  in  this  way.  Such  deposits  have 
not  been  sufficiently  examined  ;  tliey  are  probably  somewhat  similar  to 
those  of  glaciers,  exhibiting,  however,  some  signs  of  the  sorting  power 
of  water.  Balanced  stones  or  bowlders  in  insecure  positions  can  hardly 
be  left  by  icebergs. 

Shore- Ice. 

In  cold  climates  the  freezing  of  the  surface  of  the  water  forms 
sheets  of  ice  many  inches  or  even  feet  thick,  and  of  great  extent,  about 
the  shores  of  rivers,  bays,  and  seas.  They  often  inclose  stones  and 
bowlders  of  considerable  size,  and  when  loosened  in  spring  from  the 
shore  they  bear  these  away,  and  again  drop  them  at  considerable  dis- 
tances from  their  parent  rock.  Also  such  sheets  packed  together  in 
large  masses,  and  driven  ashore  by  river  and  tidal  currents,  and  chafed 
back  and  forth  by  waves,  produce  effects  on  the  shore-rocks  somewhat 
similar  to  the  scoring,  polishing,  and  even  the  roclies  moutonnees  of 
glacier-action.  On  a  rising  or  on  a  subsiding  coast  such  scorings  and 
polishings  may  extend  over  wide  areas,  and  thus  simulate  true  glacial 
action.  These  effects  are  vpell  seen  on  the  shores  of  the  St.  Lawrence 
River  and  Gulf. 

The  importance  of  the  study  of  ice-agencies  will  be  seen  when  we 
come  to  explain  the  phenomena  of  the  Drift  or  Glacial  period. 

Comparison  of  the  Different  Forms  of  the  Mechanical  Agencies  of 

Water. 

Rivers  and  glaciers  are  constantly  cutting  down  all  lands,  bearing 
away  the  materials  thus  gathered,  and  depositing  them  on  the  sea- 
margins.  Acting  alone,  therefore,  their  effect  must  be  to  diminish  the 
height  and  io  extend  the  limits  of  the  land.  Ocean  agencies,  on  the 
other  hand,  by  tides  and  currents  bear  away  to  the  open  sea  the  mate- 
rials brought  down  from  the  land,  and  thus  tend  to  prevent  marginal 
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accumulations;  and  by  waves  and  tides  constantly  eat  away  the  coast- 
line, and  thus  strive  to  extend  the  domain  of  the  sea.  Thus,  while 
river  and  ocean  agencies  are  in  conflict  with  one  another  at  the  coast- 
line, the  one  striving  to  extend  the  limits  of  the  land,  and  the  other 
of  tlie  sea,  yet  they  co-operate  with  each  other  in  destroying  the  in- 
equalities of  the  earth's  surface,  and  are  therefore  called  leveling  ayeii- 
cies.  Moreover,  it  is  evident  that  the  erosion  o£  the  land  and  the  fill- 
ing up  of  the  seas  are  correlative,  and  one  is  an  exact  measure  of  the 
other.  Now,  we  have  seen  (page  11)  that  the  probable  rate  at  which 
all  continents  are  being  cut  down  by  rivers  is  about  one  foot  in  4,500 
to  5,000  years.  But  since  the  ocean  is  about  three  times  the  extent  of 
the  land,  this  spread  evenly  over  the  bottom  of  the  sea  would  make  a 
stratum  about  four  inches  thick.  Therefore,  we  conclude  that,  neg- 
lecting the  destructive  effects  of  waves  and  tides  on  the  coast-line, 
which,  according  to  Phillips,*  are  small  in  amount  compared  with  gen- 
eral erosion  of  the  land-surface,  we  may  say  that  stratified  deposits  are 
now  forming,  or  the  ocean-bed  filling  up,  at  the  average  rate  over  the 
whole  bottom  of  about  four  inches  in  5,000  years. 


Section  4.— Chemical  Agencies  of  Watee. 

Underground  Waters  and  the  Origin  of  Sjjrings. 

As  we  have  already  seen  (page  10),  of  the  rain  which  falls  on  any 
hydrographical  basin,  a  part  runs  from  the  surface,  producing  universal 
erosion.  A  second  part  sinks  into  the  earth,  and,  after  a  longer  or 
shorter  subterranean  course,  comes  up  as  springs,  and  unites  with  the 
surface-water  to  form  rivers ;  while  a  third  portion  never  comes  up  at 
all,  but  continues  by  subterranean  passages  to  the  sea.  This  last  por- 
tion is  removed  from  observation,  and  our  knowledge  concerning  it  is 
very  limited.  But  there  are  numerous  facts  which  lead  to  the  convic- 
tion that  it  is  often  very  considerable  in  amount.  In  many  portions  of 
the  sea  near  shore,  springs,  and  even  large  rivers,  of  fresh  water,  are 
known  to  well  up.  Thus,  in  the  Mediterranean  Sea,  "a  body  of  fresh 
water  fifty  feet  in  diameter  rises  with  such  force  as  to  cause  a  visible 
convexity  of  the  sea-surface."  \  Similar  phenomena  have  been  ob- 
served in  many  other  places  in  the  same  sea,  and  also  in  the  Gulf  of 
Mexico  near  the  coast  of  Florida,  among  the  West  India  Isles,  and  near 
the  Sandwich  Islands.  Besides  the  last  mentioned,  there  is  still  another 
portion  of  subterranean  water  existing  permanently  in  every  part  of 
the  earth  far  beneath  the  sea-level,  filling  fissures  and  saturating  sedi- 
ments to  great  depths,  and  only  brought  to  the  surface  by  volcanic 


*  Phillips,  Life  on  the  Enrtli,  p.  131. 
f  Ilerachel's  Physical  Geography. 
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forces.  This,  in  contradistinction  from  the  coustantly-circuhiting  me- 
I   teoric  water,  may  be  called  volcanic  toater. 

Perpetual  Ground-Water. — Passing  from  the  surface  downward  the 
ground  contains  more  and  more  water  until  it  becomes  saturated  and 
the  water  movable.    This  region  of  movable  water  rises  and  falls  with 
!   the  season,  but  never  below  a  certain  level  depending  upon  the  climate. 


Fig.  66.— Diagram  of  Perpetual  Ground-Water:  s  s,  surface  of  grouncl;  «;  w,  ground-water;  sp  sp, 

hill-side  springs. 

The  upper  limit  of  always  movable  water  is  called  the  level  of  "  per- 
petual ground- water."  It  is  deepest  on  the  hill-tops  and  comes  nearer 
the  surface  toward  the  valleys,  where  under  favorable  conditions  it  may 
issue  on  the  surface  as  springs,  as  in  Pig.  6G. 

Springs. — The  appearance  of  subterranean  waters  upon  the  surface 
constitutes  sjjrings.  They  occur  in  two  principal  positions,  viz. :  1. 
Upon  hill-sides,  just  where  porous',  water-bearing  strata  such  as  sand 
outcrop,  underlaid  by  impervious  strata  like  clay  ;  2.  Od.  fissures  pene- 
trating the  country  rock  to  great  depth. 

Most  of  the  small  springs  occurring  everywhere  belong  to  the  first 
class.  The  figure  (Fig.  67)  represents  a  section  of  a  hill  composed 
mostly  of  porous  strata,  h,  but  underlaid  by  impervious  clay  stratum,  c. 
Water  falling  upon  the  surface  sinks  through  h  until  it  comes  in  contact 
with  c,  and  then  by  hydrostatic  pressure  moves  laterally  until  it  emerges 
at  a.  Sometimes  this  is  a  geological  agent  of  considerable  importance, 
modifying  even  the  forms  of  mountains,  and  producing  land-slips,  etc. 
Thus  the  Lookout  and  Raccoon  Mountains,  in  Tennessee,  are  table- 


Fio.  67.— Hill-side  Spring.  Fio.  68. 


mountains  of  nearly  horizontal  strata,  separated  by  erosion-valleys. 
These  mountains  are  all  of  them  capped  by  a  sandstone  stratum  about 
100  feet  thick,  underlaid  by  shale.  The  water  which  falls  upon  the 
mountain  emerges  in  numerous  springs  all  around  where  the  sandstone 
cap  comes  in  contact  with  the  underlying  shale.    The  sandstone  is 
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gradually  undermined,  and  falls  from  time  to  time,  and  thus  the  cliff 
remains  always  perpendicular  (Fig.  68). 

Large  springs  generally  issue  from  fissures.  Water  passing  along 
the  porus  stratum  b,  perhaps  from  great  distance,  and  prevented  from 
rising  by  the  overlying  imper- 
vious stratum  c,  coming  in  con- 
tact with  a  fissure,  immediately 
rises  through  it  to  the  surface 
at  a  (Fig.  69). 

Artesian  Wells. — If  subter- 

Fig.  09.— Fiesure-Spriiig. 

ranean  streams  have  their  ori- 
gin in  an  elevated  region,  a  fZ,  composed  of  regular  strata  dipping 
under  a  lower  flat  country,  c,  then  the  subterranean  waters  passing 
along  any  porous  stratum  as  a  (Fig.  70),  and  confined  by  two  imper- 
meable strata,  b  and  d,  will  be  under  powerful  hydrostatic  pressure,  and 
will,  therefore,  rise  to  the  surface,  perhaps  with  considerable  force,  if 
the  stream  be  tapped  by  boring  at  c.  Borings  by  which  water  is 
obtained  in  this  manner  are  called  Artesian  wells,  from  the  French 
province  Artois,  where  they  were  first  successfully  attempted.  The 
source  of  the  water  may  be  100  miles  or  more  distant  from  the  well. 
Some  of  these  wells  are  very  deep.    The  Grenelle  Artesian  in  Paris  is 

2,000  feet  deep.  At  the 
moment  of  tapping  the 
stream,  a  powerful  jet  was 
thrown  113  feet  high.  One 
in  Westphalia,  Germany,  is 
3,385  feet  deep  ;  one  at  St. 
Louis,  3,843  feet;  one  at 
Louisville,  Kentucky,  3,853; 
one  near  Berlin,  4,173  feet ; 
one  near  Pittsburg,  Pa.,  4,635 ;  and  one  near  Leipsic,  5,735  feet.* 
In  parts  of  Alabama  and  California  the  principal  supply  of  water  for 
agricultural  purposes  is  drawn  from  these  wells. 

Thus  there  is  on  all  coasts  a  constant  flowing  of  water,  both  super- 
ficial and  subterranean,  into  the  sea.  Their  relative  amount  it  is  impos- 
sible to  determine.  Much  depends  upon  the  configuration  of  the  coun- 
try and  the  nature  of  the  strata.  The  heavy  hydrostatic  pressure  to 
wliicli  subterranean  water  is  subjected,  especially  in  elevated  countries, 
brings  the  larger  portion  of  it  to  the  surface  as  springs.  But,  in  lime- 
stone regions  (this  rock  being  affected  with  frequent  and  large  fissures, 
and  open  subterranean  passages,  as  will  be  hereafter  explained),  large 
subterranean  rivers  often  exist,  and  these  even  after  coming  to  the  sur- 


PiG.  70.— Artesian  Well. 


*  Science,  xiv,  250, 1889. 
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face  are  often  rc-engulfed,  and  finally  reach  the  sea  by  subterranean 
passages.  The  same  is  true  also  of  regions  covered  with  recent  lava- 
flows;  for  these  also  are  full  of  caves  and  galleries  (page  94).  The 
largest  springs,  therefore,  generally  occur  eitlier  in  limestone  or  in  vol- 
cauic  countries.  From  the  Silver  Spring,  in  Florida,  issues  a  stream 
navigable  for  small  steamers  up  to  the  very  spring  itself.  The  country 
for  sixty  miles  around  is  entirely  destitute  of  superficial  streams,  the 
whole  drainage  being  subterranean,  and  coming  up  in  this  spring.* 
About  Mount  Shasta  all  the  streams  head  in  great  springs. 

Chemical  Effects  of  Subterranean  Waters. — We  have  already  seen 
(page  6)  how  atmospheric  water  disintegrates  rocks,  dissolving  out 
their  soluble  parts,  and  reducing  their  uusoluble  parts  to  soils.  Springs, 
therefore,  always  contain  the  soluble  matters.  In  granite  regions 
they  contain  potash  ;  in  limestone  region^  they  contain  lime,  and  are 
called  hard  ;  in  other  cases  they  contain  salt,  and  are  irackish  ;  when 
the  saline  ingredients  are  unusual  in  quantity  or  in  kind,  they  are 
called  mineral  waters. 

Limestone  Caves. — In  most  rocks,  the  insoluble  part  left  as  soil  is 
far  the  largest,  only  a  small  percentage  being  dissolved.  In  such  rocks, 
therefore,  the  resulting  soil  fills  the  whole  space  originally  occupied  by 
the  rock.  But  in  the  case  of  limestone  the  whole  rock  is  soluble. 
Therefore,  in  limestone  regions,  percolating  waters  dissolve  the  lime- 
stone, hollow  out  open  passages,  and  form  immense  caves.  Water 
charged  with  limestone,  dripping  from  the  roofs  and  falling  on  the 
floors  of  these  caves,  deposit  their  limestone  by  evaporation,  and  form 
stalactites  (Fig.  71),  a  a,  and  stalagmites,  h  which,  meeting  each 
other,  form  limesto7ie  pillars,  c  c.  The  great  Mammoth  Cave,  in  Ken- 
tucky, Wier's  Cave,  in 
Virginia,  and  Nicojack 
Cave,  in  Tennessee,  are 
familiar  examples.  As 
might  be  expected,  sub- 
terranean rivers  are 
often  found  in  these 
caves.  This  is  the  case 
in  the  Mammoth  Cave 
and  in  Nicojack  Cave. 

Thus,  as  the  same 
river  will  erode  or  de- 
posit according  as  it  is  under-loaded  or  overloaded  with  sediment;  so 
the  same  underground  stream  may  hollow  out  passages  by  solution  or 


Fig.  71.— Limestone  Cave. 


*  The  exceptional  transparency  of  limestone  waters  is  clue  to  the  property,  possessed 
by  lime  in  a  remarkable  degree,  of  flocculating  and  prccipit;iting  clay  sediments. 
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fill  them  up  by  deposit  according  as  its  waters  are  under-saturated  or 
over-saturated  with  mineral  matter. 

There  are  many  other  effects  of  subterranean  waters  of  the  greatest 
importance,  such  as  the  formation  of  fossils,  the  filling  of  mineral 
veins,  the  metamorphism  of  rocks,  etc. ;  but  these  will  be  taken  up 
each  in  its  appropriate  place. 

Chemical  Deposits  in  Springs. 

Deposits  of  Carbonate  of  Lime. — We  have  just  seen  that  ordinary 
subterranean  waters  in  limestone  districts,  and,  therefore,  containing 
small  quantities  of  carbonate  of  lime,  deposit  this  substance  only  very 
slowly  by  dryi?ig,  as  stalactites  and  stalagmites ;  but  in  carbonated 
springs  in  limestone  districts  a  very  rapid  deposit  of  lime  carbonate 
often  occurs. 

Explanation. — In  order  to  understand  this,  it  is  necessary  to  re- 
member :  1.  That  lime  carbonate  is  insoluble  in  jDure  water,  but  soluble 
in  water  containing  carbonic  acid ;  3.  That  the  amount  of  carbonate 
dissolved  is,  up  to  a  limit,  proportionate  to  the  amount  of  carbonic  acid 
contained  ;  3.  That  the  amount  of  carbonic  acid  which  may  be  taken 
in  solution  by  water  is  proportionate  to  the  pressure. 

Now,  there  are  two  sources  of  carbonic  acid,  viz.,  atmospheric  and 
subterranean.  All  water  contains  carbonic  acid  from  the  atmosphere, 
and  will,  therefore,  dissolve  limestone,  but  this  deposits  only  slowly  by 
drying,  as  already  explained.  But  in  many  districts,  especially  in  vol- 
canic districts,  there  are  abundant  subterranean  sources  of  carbonic 
acid.  If  subterranean  waters  come  in  contact  with  such  carbonic  acid, 
being  under  heavy  pressure,  they  will  take  up  a  large  quantity  of  this 
gas  ;  and  if  such  water  comes  to  the  surface,  the  pressure  being  re- 
moved, the  gas  will  escape  in  bubbles.  This  is  a  carbonated  spring. 
If,  further,  the  subterranean  waters,  thus  highly  charged  with  carbonic 
acid,  come  in  contact  with  limestone  rocks,  or  rocks  of  any  kind  con- 
taining lime  carbonate,  they  will  dissolve  a  proportionately  large  amount 
of  this  carbonate  ;  and  when  they  come  to  the  surface,  the  escape  of 
the  carbonic  acid  causes  the  lime  carbonate  to  deposit  abundantly. 
Thus  around  carbojiated  springs  in  limestone  districts,  and  along  the 
course  of  the  streams  which  issue  from  them,  are  generally  found  ex- 
tensive deposits  of  this  substance.  Being  found  mostly  in  volcanic 
regions,  these  springs  are  commonly  hot. 

Kinds  of  Materials. — The  material  thus  deposited  is  usually  called 
travertine,  but  is  very  diverse  in  appearance.  If  the  deposit  is  quiet, 
the  material  is  dense ;  if  tumultuous,  the  material  is  spongy  ;  if  no 
iron  is  present,  it  is  white  like  marble ;  but  if  iron  be  present,  its  oxida- 
tion colors  it  yellow,  brown,  or  reddish.  If  the  amount  of  iron  be  vari- 
able, the  stone  is  beautifully  striped.    If  objects  of  any  kind,  branches, 
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twigs,  leaves,  are  immersed  in  such  waters,  they  are  speedily  incrusted, 
often  in  the  most  beautiful  manner. 

Examples  of  such  deposits  are  found  in  all  countries.    At  the  baths 
of  San  Viguone,  Italy,  a  carbonated  spring  issuing  from  the  top  of  a 
hill  has  covered  the  hill  with  a  stratum  of 
white,  compact  travertine  250  feet  thick. 
In  the  conduit-pipe  which  leads  the  water 
to  the  baths,  the  deposit  accumulates  six 
inches  thick  every  year.    A  similar  deposit 
of  travertine  occurs  at  the  baths  of  San 
Filippo.     At  this  latter  place,  beautiful 
facsimiles  of  medallions,  coins,  etc.,  are 
formed  by  placing  these  objects  of  art  in 
the  spray  of  an  artificial  cascade. 
In    Virginia,    around    the    "  Old 
Sweet  "  and    the  "  Red    Sweet  " 
Springs,    and    in    the    course  of 
the  stream  which 
flows  from  them 
for  several  miles, 
a  brownish-yellow 
deposit  of  traver- 
tine has  accumu- 
lated to  the  depth 
of  at  least  thirty 
feet.     The  spray 
of  Beaver  Dam 
Falls,  about  three 
miles   below  the 
springs,  incrusts 
every  object  in  its 
reach   with  this 
deposit. 

In  California,  all  about  the  shores  of  Lake  Mono,  abundance  of 
beautiful  and  strangely-branched,  coralline  forms  are  found,  which 
have  evidently  been  formed  in  a  somewhat  similar  way.  In  the  region 
of  the  Yellowstone  Park,  deposits  of  travertine  from  waters  of  hot 
springs  running  down  a  steep  incline,  in  a  succession  of  cascades, 
assume  the  most  beautiful  forms,  as  shown  in  the  accompanying  figure 
(Fig.  72),  taken  from  Hayden. 

Deposits  of  Iron. — Iron  carbonate,  like  lime  carbonate,  is  to  some 
extent  soluble  in  water  containing  carbonic  acid.  Subterranean  waters, 
therefore,  which  always  contain  atmospheric  carbonic  acid,  when  they 
meet  this  carbonate,  will  take  up  a  small  quantity  in  solution.  Such 


Fig.  73. — Deposits  from  Carbonated  Springs. 
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waters  are  called  chalyieate.  On  coming  to  the  surface  the  iron  gives 
up  its  carbonic  acid,  is  peroxidized,  becomes  insoluble,  and  is  deposited. 
As  the  presence  of  organic  matter  is  usually  necessary  to  bring  the  iron 
into  a  soluble  condition,  the  full  discussion  of  this  very  interesting  sub- 
ject is  reserved  until  we  take  up  organic  agencies. 

Deposits  of  Silica. — Silica  is  soluble  in  alkaline  waters,  especially  if 
the  waters  be  hot.  Such  waters,  reaching  the  surface  and  cooling,  de- 
posit the  silica  in  great  abundance,  often  at  first  in  a  gelatinous  con- 
dition, but  drying  to  a  white  porous  material  called  siliceous  sinter. 
Examples  of  such  deposits  are  found  in  all  geysers,  as  in  those  of 
Iceland,  and  in  the  Steamboat  Springs  in  Nevada,  and  especially  in 
the  wonderful  geysers  of  Yellowstone  Park.  Such  deposits  are  con- 
fined to  volcanic  regions,  the  volcanic  rocks  furnishing  both  the 
alkali  and  the  heat.  We  will  discuss  these  again  under  Igneous 
Agencies. 

Deposits  of  Sulphur  and  Gypsum. — Springs  containing  sulphide  of 
hydrogen  (H3S),  usually  called  s^ilphur-springs,  sometimes  deposit 
sulphur  by  oxidation  of  the  hydrogen  (HjS+O^HaO+S),  and  some- 
times gypsum.  This  latter  deposit  is  caused  by  the  more  complete  oxi- 
dation of  the  sulphide  of  hydrogen,  forming  sulphuric  acid  (H2S-^-40 
=  113804),  and  the  reaction  of  this  acid  on  lime  carbonate  held  in  solu- 
tion in  the  same  water. 

Chemical  Deposits  in  Lakes. 

Salt  Lakes  and  Alkaline  Lakes. — Salt  lakes  may  be  formed  either 
— 1.  By  the  isolation  of  a  portioji  of  sea-water  in  the  elevation  of  sea- 
bottom  into  land ;  or,  2.  By  indefinite  concentration  of  river-water  in 
a  lake  without  an  outlet.  Thus,  the  Dead  Sea,  Lake  Elton,  and  the 
brine-pools  of  the  Eussian  steppes,  are  usually  supposed  to  be  concen- 
trated remains  of  isolated  portions  of  the  sea,*  for  their  waters  are 
highly  concentrated  mother-liquors  of  sea-water,  having  a  composition 
very  similar  to  the  mother-liquors  of  the  salt-maker.j  The  Caspian 
Sea,  on  the  other  hand,  although  elevated  lake-margins  show  that  much 
of  its  waters  has  dried  away,  is  still  much  fresher  than  sea- water.  This 
fact,  together  with  the  composition  of  its  waters,  is  usually  supposed 
to  indicate  that  it  has  been  formed  by  the  simple  concentration  of  tlic 
waters  of  a  once  fresh  lake. J  Yet  there  are  some  evidences,  as  we  shall 
see  hereafter  (p.  596),  of  this  sea  having  been  once  connected  with  the 
Black  Sea  and  with  the  Arctic  Ocean.    It  is  probable  that  the  Caspian 

*  Bischof,  Chemical  and  Physical  Geology,  vol.  i,  p.  396. 

f  And  yet  the  presence  of  fresh  water  shells  on  the  elevated  old  niarcrins  of  the  De.id 
Sea  seem  to  indicate  that  it  may  have  been  a  frcsli  hike  emptying  through  the  Arabah 
valley  into  the  Gulf  of  Akabah  (R'ce). 

X  Bischof,  Chemical  and  Piiysical  Geology,  vol.  i,  ]).  91. 
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was  first  isolated  from  the  ocean  as  a  salt  lake,  then  freshened  by  an 
outlet,  and  finally  re-concentrated  to  its  present  conditions.  The  com- 
j  position  of  the  waters  of  the  Great  Salt  Lake  of  Utah  would  seem  to 
indicate  its  origin  in  the  isolation  of  sea- water  ;  but  there  are  evidences 
of  its  once  having  had  an  outlet ;  in  which  case  it  must  have  been 
fresh.* 

Alkaline  lakes  can  only  be  formed  by  the  second  way.    Both  salt 
I    and  alkaline  lakes,  therefore,  may  be  formed  by  indefinite  concentra- 
'   tion  of  river-water  in  a  lake  without  outlet.    Whether  the  one  or  the 
other  is  formed  depends  on  the  composition  of  the  river-water.    If  al- 
kaline chlorides  predominate,  a  salt  lake  will  be  formed  ;  but  if  alkaline 
carbonates,  an  alkaline  lake.    Such  alkaline  lakes  are  found  in  Hun- 
gary, in  Lower  Egypt,  and  in  Persia.   In  our  own  country,  Lake  Mono, 
i   fifteen  miles  long,  and  twelve  miles  wide,  and  Lake  Owen,  of  at  least 
equal  dimensions,  are  examples  of  alkaline  lakes.    The  waters  of  Lake 
j   Mono  consist  principally  of  a  strong  solution  of  carbonate  of  soda  and 
•   chloride  of  sodium,  with  a  little  carbonate  of  lime  and  borate  of  soda.f 
Borax  lakes,  which  are  found  in  California  and  a  few  other  countries, 
can  be  formed  only  by  the  concentration  of  the  water  of  springs  of 
exceptional  composition. 

Conditions  of  Salt-Lake  Formation. — Spring  and  river  waters  always 
contain  a  small  quantity  of  saline  matter  derived  from  the  rocks  and 
soils.  Suppose,  then,  we  have  a  lake  supplied  by  rivers:  1.  If  the 
supply  of  water  by  rivers  is  greater  than  the  loss  by  evaporation  from 
the  lake-surface,  then  the  water  will  rise  until,  finding  an  outlet  in  the 
rim  of  the  lake-basin,  it  flows  into  the  sea.  In  this  case  the  lake  will 
remain  fresh,  or  the  quantity  of  saline  matter  will  be  inappreciable. 
But  if,  on  the  other  hand,  the  loss  by  evaporation  is  greater  than  the 
supply  by  rivers,  the  lake  will  decrease  in  extent,  and  therefore  in  evap- 
orating surface,  until  an  equilibrium  is  established.  Now  all  the  saline 
matters  constantly  leached  from  the  earth  accumulate  in  the  lake  with- 
out limit;  the  lake,  therefore,  must  eventually  become  saturated  with 
:  saline  matter,  and  afterward  begin  to  deposit  salt.  It  is  evident,  then, 
I  that  whether  a  lake  is  fresh  or  salt  depends  upon  whether  or  not  it  has 
an  outlet,  and  this  latter  depends  upon  the  relation  of  supply  by  rivers 
j  to  loss  by  evaporation.  Lakes  are  mostly  fresh,  because  much  more 
water  falls  on  continents  than  evaporates  from  the  same  surface,  the 
excess  running  back  to  the  sea  by  rivers.  It  is  only  in  certain  parts 
of  the  continents,  where  the  climate  is  very  dry,  that  there  is  no  such 

*  Gilbert,  Whocler  Report  for  1872,  p.  49. 

f  The  probability  of  Great  Salt  Lake  having  been  produced  by  simple  evaporation  of 
river-water  is  increased  by  the  difference  in  the  composition  of  the  waters  of  lakes  in 
thi.s  general  region.    Where  sedimentary  rocks  prevail,  as  in  Utah,  they  are  salt;  where 
volcanic  rocks  prevail,  as  about  Mono  and  Owen,  they  are  alkaline. 
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excess.  In  these  regions  alone,  therefore,  can  salt  lakes  exist.  Such 
regions  occur  in  the  interior  of  Asia,  on  the  i)lateau  of  Mexico,  in  the 
hasin  of  Utah,  and  in  several  other  places. 

Even  in  case  a  salt  lake  is  originally  formed  by  the  isolation  of  a 
portion  of  sea-water,  whether  it  remains  a  salt  lake  or  gradually  be- 
comes fresh  will  depend  upon  the  conditions  we  have  already  men- 
tioned. For  example  :  if  the  Mediterranean  should  be  separated  from 
the  Atlantic  at  the  straits  of  Gibraltar,  it  would  not  only  remain  a  salt 
lake,  but  would  diminish  in  area,  and  finally  deposit  salt.  This. we 
conclude,  because  the  water  of  the  Mediterranean  seems  to  be  a  little 
more  salt  than  that  of  the  Atlantic.  If,  on  the  contrary,  the  Black 
Sea  were  separated  from  the  Mediterranean,  or  the  Baltic  from  the  At- 
lantic, or  the  bay  of  San  Francisco  from  the  Pacific,  the  supply  by 
rivers,  in  the  case  of  these  inland  seas  being  greater  than  their  loss  by 
evaporation,  they  would  rise  until  they  found  an  outlet,  and  then  would 
be  gradually  rinsed  out,  and  become  fresh.  Lake  Champlain  was,  in 
very  recent  geological  time,  an  arm  of  the  sea.  When  first  isolated  it 
was  salt.    It  has  become  fresh  by  this  process. 

Saltness  of  the  Ocean. — It  is  obvious  that  only  the  last  reservoir  is 
salt.  Thus  Lake  Tahoe  runs  into  Pyramid  Lake,  but  only  the  latter  is 
salt ;  Lake  L^tah,  a  fresh  lake,  runs  into  Great  Salt  Lake ;  the  Sea  of 
Galilee,  a  fresh  lake,  empties  into  the  Dead  Sea,  a  salt  lake.  Now, 
the  ocean  is,  of  course,  the  last  reservoir  of  circulating  waters.  Is  its 
saltness  to  be  similarly  accounted  for?  Not  exactly;  salt  lakes  receive 
their  salt  largely  from  strata  deposited  in  the  ocean  and  salted  thereby, 
but  the  ocean  preceded  all  stratified  rocks.  Nevertheless  the  ocean, 
too,  received  its  salt  from  the  rocks.  Throughout  the  whole  geological 
history  of  the  earth  there  has  been  a  progressive  diiierentiation  of  the 
soluble  and  the  insoluble  parts  of  the  rocks,  the  one  accumulating  in 
the  ocean,  the  other  remaining  in  the  rocks  and  soils. 

Deposits  in  Salt  Lakes. — The  nature  of  the  chemical  deposits  in 
salt  lakes  will  depend  upon  the  manner  in  which  these  lakes  have  been 
formed.  We  will  take  the  simplest  case,  viz.,  that  of  a  lake  formed  by 
the  isolation  of  sea-water,  and  its  concentration  by  evaporation.  In 
this  case  the  substance  first  deposited  would  be  gypsum  ;  for  this  sub- 
stance is  insoluble  in  a  saturated  brine,  and  therefore  always  deposits 
first  in  the  artificial  evaporation  of  sea-water  in  salt-making.  Upon 
the  gypsum  would  be  deposited  salt.  Meanwhile,  however,  the  rivers 
during  their  flood-season  would  bring  down  sediments.  During  the 
flood-season,  the  supply  of  water  being  greater  than  loss  by  evaporation, 
the  deposit  of  salt  or  gypsum  would  cease  ;  while  during  the  dry  season 
the  deposit  of  sediment  would  cease,  and  the  evaporation  being  now  in 
excess,  the  deposit  of  salt  would  recommence.  Thus  the  deposits  in  the 
bottom  of  salt  lakes  probably  consist  of  alternations  of  salt  and  sedi- 
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ment,  the  whole  underhiid  by  layers  of  gypsum.  These  views  have  been 
contirmed  by  observation.  During  the  dry  season  Lake  Elton  deposits 
annually  a  considerable  layer  of  salt.  Wells  dug  near  the  margin  of 
this  lake  revealed  a  hundred  alternations  of  salt  and  mud,  the  salt-beds 
being  many  of  them  eight  or  nine  inches  thick.*  Most  of  the  salt  has 
already  deposited ;  for  the  water  of  this  lake  is  an  almost  pure  bittern. 
The  great  predominance  of  chloride  of  magnesium  in  Dead  Sea  water 
shows  that  it  is  a  mother.-liquor,  from  which  immense  quantities  of 
common  salt  have  already  been  deposited.  Similar  alternations,  tliere- 
fore,  no  doubt  exist  in  the  bottom  of  this  sea.f  The  Great  Salt  Lake, 
in  Utah,  is  also  a  saturated  brine  depositing  salt,  as  is  proved  by  the 
incrustations  of  salt  about  its  margin  in  dry  seasons ;  but  the  deposit 
has  not  progressed  so  far  in  this  case  as  in  the  preceding.  The  great 
extent  to  wliich  the  waters  of  this  lake  have  dried  away  and  become 
concentrated  is  further  shown  by  old  lake-margins  far  beyond  the 
limits,  and  several  hundred  feet  above  the  level,  of  the  present  shore- 
line. Similar  phenomena  are  observed  about  other  salt  lakes,  especially 
about  the  Caspian  Sea  (Murchison). 

In  the  case  of  salt  lakes,  either  formed  entirely,  or  modified,  by 
river-water,  the  deposits  are  probably  much  more  complex  and  various 
— sometimes  salt,  sometimes  carbonate  of  lime,  and  sometimes  sulphate 
of  lime.  Immense  deposits,  mostly  of  carbonate  of  lime,  are  found 
about  the  salt  lakes  of  Nevada.  They  form  a  conspicuous  feature  of 
the  scenery  about  Pyramid  Lake. 

Deposits  are  also  sometimes  formed  in  lakes  which  are  not  salt. 
For  example  :  the  Solfatara  Lake,  Italy,  is  formed  by  the  accumulation 
of  the  water  from  warm  carbonated  springs,  similar  to  those  of  San 
Filippo  and  '^an  Vignone.  In  this  lake,  therefore,  deposits  of  traver- 
tine are  forming.  Although  these  deposits  take  place  in  a  lake,  they 
properly  belong  to  deposits  from  springs,  since  they  do  not  take  place 
entirely  by  concentration,  but  partly  also  by  escape  of  carbonic  acid. 

Chemical  Dejiosits  in  Seas. 

Concerning  these  little  is  known.  It  is  certain,  however,  that  all 
rivers  carry  to  the  sea  carbonate  of  lime  in  solution,  and  some  of  them 
in  considerable  quantities.  There  is  scarcely  any  river-water  which 
contains  less  carbonate  of  lime  than  sea- water ;  many  rivers  contain 
four  times  as  much. J  This  carbonate  of  lime  thus  constantly  carried 
into  the  sea  must  eventually  deposit  in  some  form.  Usually,  however, 
sea-water  is  kept  below  the  saturating  point  for  tliis  substance,  by  its 
constant  withdrawal  by  shells  and  corals,  as  will  be  explained  under 


*  Biachof,  Chemical  and  Physical  Geology,  vol.  i,  p.  406. 
t  Ibid.,  p.  400.  t  Ibid.,  p.  17i). 
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Organic  Agency.  But  in  shallow  bays  nearly  cut  off  from  the  sea,  or 
in  salt  lagoons  on  the  sea-margin  near  the  mouths  of  rivers  in  dry 
climates,  and  subject  to  occasional  overflows  by  the  sea  and  floodings 
by  rivers,  carbonate  of  lime  and  sulphate  of  lime  may  dejjosit  by  evapo- 
ration. At  the  mouths  of  many  rivers,  whose  waters  contain  much 
carbonate  of  lime,  as,  for  instance,  the  Rhine,  the  delta  deposit  is 
cemented  into  hard  rock  by  means  of  this  substance.  On  shores  of 
coral  seas,  as  upon  the  Keys  of  Florida,  the  coast  of  the  West  India 
Islands,  and  the  islands  of  the  Pacific,  shore-material  is  consolidated 
into  hard  rock  by  the  same  means.  On  many  shores  in  tropical  regions 
the  waves,  being  driven  up  on  flat  beaches  far  inland,  leave  sea-water 
inclosed  in  shallow  pools,  which  by  evaporation  give  rise  to  calcareous 
deposits  which  are  increased  by  the  frequent  alternate  influx  and  evapo- 
ration of  sea- water.  Conglomerate  rocks  are  thus  forming  at  the  pres- 
ent time  in  the  Canaries  and  many  other  places. 


CHAPTER  III. 
IGNEOUS  AGENCIES. 

The  agencies  thus  far  considered  tend  to  reduce  the  inequalities  of 
the  earth  by  cutting  down  the  continents  and  filling  up  the  seas. 
Their  final  effect,  if  unopposed,  would  be  to  bring  the  whole  surface  to 
one  level,  and  thus  to  make  the  empire  of  the  sea  universal.  This  is 
prevented  by  igneous  agencies,  which  tend,  by  elevation  of  land  and 
depression  of  sea-bottoms,  to  increase  the  inequalities  of  the  earth- 
surface,  and  thus  to  increase  the  area  and  the  height  of  the  land. 
These  two  opposing  agencies  have  entirely  different  sources.  The  one 
is  external,  or  su7i-der[ved  ;  the  other  internal,  or  mr^/i-derived.  The 
one  gives  the  great  outlines  of  earth-features ;  the  other  sculptures 
these  into  forms  of  beauty.  The  one  rough  hews;  the  other  shapes. 
The  actual  forms  of  earth  at  any  time  is  the  result  of  the  state  of 
balance  between  them.  All  the  different  forms  of  igneous  agency  are 
connected  with  the  interior  heat  of  the  earth.  This  must,  therefore, 
be  first  considered. 


Section-  1. — iNTEuroR  Heat  of  the  Earth. 

Stratum  of  Invariable  Temperature. — The  mean  surface  tempera- 
ture of  the  earth  varies  from  80°  at  the  equator  to  nearly  0°  at  the 
poles.    The  rate  of  decrease  iu  passing  fi-oni  the  equator  to  the  poles 
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is  not  the  same  in  all  longitudes;  the  isotherms,  or  lines  joining  places 
of  equal  mean  temperatures,  are  therefore  not  parallel  to  the  lines  of 
latitude,  but  quite  irregular.  Tlie  mean  temperature  of  the  whole 
earth-surface  is  about  58°.  There  is  also  in  every  locality  a  daily  and 
an  anmial  variation  of  temperature.  As  we  pass  below  the  surface 
both  the  daily  and  annual  variations  become  less,  until  they  cease  al- 
together. The  stratum  of  no  daily  variation  is  but  a  foot  or  two 
beneath  the  surface ;  but  the  stratum  of  no  annual  variation,  or 
stratimi  of  invariable  temperature  in  temperate  climates,  is  about  sixty 
to  seventy  feet  deep.  The  temperature  of  the  invariable  stratum 
is  nearly  the  mean  temperature  of  the  place.  The  de2)th  of  the  in- 
variable stratum  depends  upon  the  amount  of  annual  variation ;  it  is, 
therefore,  least  at  the  equator,  and  increases  toward  the  poles.  At  the 
equator  it  is  only  one  or  two  feet  beneath  the  surface;*  in  middle 
latitudes  about  sixty  feet,  and  in  high  latitudes  probably  more  than  a 
hundred  feet.f  It  is,  therefore,  a  spheroid  more  oblate  than  the  earth 
itself.  The  temperature  of  the  earth  everywhere  within  this  spheroid 
is  unaffected  by  external  changes. 

Increasing  Temperature  of  the  Interior  of  the  Earth. — Beneath  the 
invariable  stratum  the  temperature  of  the  earth  everywhere  increases, 
for  all  depths  to  which  it  has  been  penetrated,  at  an  average  rate  of 


Fig.  73.  Fig.  74. 


about  1°  for  every  53  feet.  This  very  important  fact  has  been  de- 
termined by  numerous  observations  on  the  temperature  of  mines  and 


*  Humboldt,  Cosmos,  Sabine's  edition,  vol.  i,  p.  165. 

\  In  polar  regions,  or  the  region  of  perpetual  ffronnd-icc,  the  stratum  of  invariable 
temperature  probably  again  rises  nearer  the  surface,  on  account  of  the  property  of  ice  of 
retaining  its  temperature  by  melting. 
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of  Artesian  wells  in  almost  every  part  of  the  earth.  All  the  facts  thus 
far  stated  are  graphically  illustrated  in  the  accompanying  figure  (Fig. 
73),  in  whioh  the  line  a  b  represents  depth  below  the  surface,  and  the 
diverging  line  c  d  the  increasing  heat ;  m  the  invariable  stratum;  n 
the  line  of  no  daily  variation ;  the  curves  c  e,  o  e,  the  temperatures 
in  summer,  autumn,  and  winter,  respectively;  the  space  ceo  the  an- 
nual swing  of  temperature;  and  the  smaller  curves  meeting  on  the 
the  line  n,  the  daily  variation  or  swing  of  temperature. 

We  have  given  the  rate  of  increase  as  about  1°  in  53  feet.  It 
varies,  however,  in  different  places,  from  1°  in  30  feet  to  1°  in  90  feet. 
Except  in  the  vicinity  of  volcanic  action,  this  difference  is  probably 
due  to  varying  conductivity  of  the  rocks%  The  lines,  or  rather  sur- 
faces, which  join  places  in  the  interior  of  the  earth,  having  equal  tem- 
peratures, may  be  called  isogeotherms.  If  the  rate  of  increase  were 
everywhere  the  same,  the  isogeotherms  would  be  regularly  concentric ; 
but,  as  this  is  not  the  case,  they  are  irregular  surfaces  (Fig.  74),  rising 
nearer  the  earth-surface  and  closing  upon  one  another  where  the  con- 
ductivity is  poor,  and  sinking  deeper  and  separating  where  the  con- 
ductivity is  greater. 

Constitution  of  the  Earth's  Interior. — From  the  facts  given  above 
it  is  probable  that  the  temperature  of  the  interior  of  the  earth  is  very 
great.  A  rate  of  increase  of  1°  for  every  53  feet  would  give  us,  at  the 
depth  of  twenty-five  or  thirty  miles,  a  temperature  sufficient  to  fuse 
most  rocks.  Hence  it  has  been  confidently  concluded  by  many  that 
the  earth,  beneath  a  comparatively  thin  crust  of  thirty  miles,  must  be 
liquid.  A  crust  of  thirty  miles  on  our  globe  is  equivalent  to  a  crust  of 
less  than  one  tenth  of  an  inch  in  a  globe  two  feet  in  diameter.  There 
are,  however,  many  objections  to  this  conclusion.  The  question  of  the 
interior  constitution  of  the  earth  is  one  of  extreme  difficulty  and  com- 
plexity, and  science  is  not  yet  in  a  position  to  solve  it  completely. 
Nevertheless,  it  can  be  proved  that  the  solid  crust  must  be  much 
thicker  than  is  usually  supposed,  if,  indeed,  there  be  any  general 
interior  fluid  at  all. 

The  argument  for  the  interior  fluidity  of  the  earth,  beneath  a  crust 
of  only  thirty  miles,  proceeds  upon  two  suppositions,  viz.  :  1.  That  the 
interior  temperature  increases  at  the  same  rate  for  all  depths  ;  and,  2. 
That  fusing -point  of  rocks  is  the  same  for  all  depths.  Now,  neither 
of  these  can  be  true. 

1.  Rate  of  Increase  not  Uniform. — Although  we  have  spoken  of  1° 
for  every  30  feet  or  50  feet  or  90  feet,  yet  it  must  not  be  supposed  that 
observation  gives  a  uniform  rate  of  increase  at  any  place.  On  the  con- 
trary, the  rate  is  sometimes  faster  and  sometimes  slower,  depending  on 
the  conductivity  of  the  rock  penetrated,  and  on  other  causes  little 
understood.    The  rate  given  is  always  an  average.    In  other  words, 
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observation  gives  the  fact  of  increase,  but  not  the  km.  We  are  thus 
tlirown  back  on  general  reasoning. 

If  two  bars,  one  a  good  conductor,  lilce  metal,  and  the  other  a  bad 
conductor,  like  charcoal,  be  heated  red  hot  at  one  end,  and  the  rate  of 
decreasing  temperature — fall  of  heat — toward  the  other  be  observed,  it 
will  be  found  that  the  rate  is  very  rapid  in  the  case  of  the  charcoal,  so 
that  a  temperature  of  60°  is  reached  at  the  distance  of  two  or  three 
inches ;  while  in  the  case  of  the  metal  the  rate  of  decrease  is  much 
slower,  and  60°  is  only  reached  at  a  distance  of  several  feet.  Qon- 
versely,  the  rate  of  increase,  or  rise,  in  passing  toward  a  source  of  heat, 
is  rapid  in  the  case  of  the  bad  conductor,  and  slow  in  the  case  of  the 
good  conductor.  Now,  the  average  density  of  materials  at  the  surface 
of  the  earth  is  about  2*5,  but  the  average  density  of  the  whole  earth  is 
more  than  5*5  ;  therefore  the  density  of  the  central  portions  must  be 
much  more  than  5'5.  It  has  been  estimated  at  16-27.*  There  can  be 
no  doubt,  therefore,  that  the  density  of  the  earth  increases  toward  the 
center ;  and  as  this  increase  is  probably  largely  the  result  of  pressure, 

it  is  probably  somewhat  regu- 
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lar.  Whatever  be  the  cause 
the  effect  would  be  to  increase 
the  conductivity  for  heat,  and 
therefore  to  diminish  the  rate 
of  increasing  temperature. 
Thus  it  follows  that,  though 
in  a  homogeneous  globe  the 
melting-pointof  rocks  (3,000°) 
would  be  reached  at  the  depth 
of  thirty  miles,  yet,  in  a  globe 
increasing  in  density  toward 
the  center,  we  must  seek  this 
temperature  at  a  greater  depth. 

If  ^  (Fig.  75),  repre- 
senting depth  from  the  surface 
S  S,  be  taken  as  absciss,  and 
heat  be  represented  by  ordi- 
nates,  then,  in  a  homogeneous 
earth,  C  D  would  represent 
uniform  increase  of  heat,  and 
the  heat  ordinate  of  3,000°,  m, 
would  be  reached  at  the  depth 
of  Am  =  thirty  miles.  But  in  an  eartli  increasing  in  density,  and, 
therefore,  in  conductivity,  the  rate  would  not  be  uniform,  but  gradu- 


Fio.  75.— Diagram  illustrating 

differing  PowtT  with  lucreusiiig  Depth! 


lure  and  of 


;  the  Increase  of  Tcmpera- 


*  Cosmos,  vol,  iv,  p.  33. 
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ally  decreasing.  This  would  be  represented,  not  by  a  straight  line, 
6' Abut  by  a  curved  line,  C  E  ;  and  the  ordinate  of  3,000°  would  not 
be  reached  at  thirty  miles,  but  at  a  much  greater  depth — say  at  m',  of 
fifty  miles.* 

3.  Fusing-Point  not  the  same  for  all  Depths— Nearly  all  substances 
expand  in  the  act  of  melting,  and  contract  in  the  act  of  solidifying. 
Only  in  a  few  substances,  like  ice,  is  the  reverse  true.  Now,  the  fusing- 
point  of  all  substances  which  expand  in  the  act  of  fusing  must  be 
raised  by  pressure,  since  the  expanding  force  of  heat,  in  this  case, 
must  overcome  not  only  the  cohesion,  but  also  the  pressure.  That 
this  is  true,  has  been  proved  experimentally  for  many  substances  by 
Hopkins,  f  But  granite  and  other  rocks  have  been  proved  to  expand 
in  fusing ;  therefore  the  fusing-point  of  rocks  is  raised  by  pressure, 
and  must  be  greatly  raised  by  the  inconceivable  pressure  to  which 
they  are  subjected  in  the  interior  of  the  earth.  For  this  reason, 
therefore,  we  must  again  go  deeper  to  find  the  interior  fluid.  In 
the  figure,  m'  is  the  point  where  we  last  found  the  fusing-point  of 
3,000°.  But  this  is  the  fusing-point  on  the  surface,  or  under  atmo- 
spheric pressure.  The  pressure  of  fifty  miles  of  rock  would  certainly 
greatly  raise  the  fusing-point.  Let  the  line  F  F  represent  the  tem- 
perature of  fusing-point  with  increasing  depth.  Suppose  it  is  thus 
raised  to  3,500°  :  to  find  this  we  must  go  still  deeper,  to  m",  per- 
haps seventy  miles  in  depth.  But  the  increased  pressure  would  again 
raise  the  fusing-point ;  and  thus,  in  this  chase  of  the  increasing 
heat  after  the  flying  fusing-point,  where  the  former  would  overtake 
the  latter,  or  whether  it  would  overtake  it  at  all,  science  is  yet  unable 
to  answer. 

From  this  line  of  reasoning,  therefore,  we  conclude  that  the  solid 
crust  of  the  earth  must  be  much  thicker  than  is  usually  supposed,  and 
there  may  be  even  no  interior  liquid  at  all. 

Astronomical  Reasons. — There  is  another  and  entirely  different 
line  of  reasoning  which  has  led  some  of  the  best  mathematicians  and 
physicists  to  the  same  result.  According  to  the  thiii-crust  theory,  the 
earth  is  still  substa^itially  a  liquid  globe,  and  therefore  under  the  at- 
tractive influence  of  the  sun  and  moon  it  ought  to  behave  like  a  yield- 
ing liquid.  Now,  according  to  Hopkins,  Thomson,  and  others,  the 
earth  in  all  its  astronomical  relations  behaves  like  a  rigid  solid — a  solid 
more  rigid  than  a  solid  globe  of  glass — and  the  difference  between  the 
behavior  of  a  liquid  globe  and  a  solid  globe  could  easily  be  detected  by 


*  Even  in  a  homogeneous  earth — if  cooled  from  a  former  incandescent  condition — 
the  rate  of  increasing  heat,  as  shown  by  Kelvin,  would  be  represented  by  a  curved  line, 
as  in  the  figure. 

f  American  Journal  of  Science  and  Art,  ser.  II,  vol.  xxxii,  p.  367. 
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fUitronomical  phenomena.*  A  complete  exjiosition  of  the  proof  would 
be  unsuitable  to  an  elementary  work.  Suffice  it  here  to  say  that  the 
force  of  these  arguments  has  led  some  geologists  to  the  conclusion  that 
the  earth  must  be  regarded  as  a  substantially  solid  and  very  rigid  globe; 
that  volcanoes  are  openings  into  local  reservoirs  of  liquid,  not  into  a 
general  liquid  interior — into  subterranean  Jire-lakes,  not  into  an  m- 
tin-ior  fire-sea  J  and  that,  therefore,  the  theories  of  igneous  phenomena 
must  be  constructed  on  the  basis  of  a  substantially  solid,  not  a  sub- 
stantially Uqtcid,  earth. 

There  are  many  phenomena,  however,  especially  the  great  lava- 
floods  to  be  described  hereafter  and  the  instability  of  the  crust-level 
under  increase  and  decrease  of  weight  by  sedimentation  and  erosion, 
which  seem  to  require  an  unlimited  supply  of  liquid  matter  at  no  great 
distance  beneath  the  surface.  Many  geologists,  therefore,  find  a  com- 
promise in  the  view  that  there  exists  a  liquid  or  semi-liquid  layer, 
either  universal  or  over  large  areas,  between  the  solid  crust  and  a  solid 
nucleus.  This  is  called  the  sub-cj'ust  layer.  This  seems,  on  the 
whole,  the  most  probable  view.f  We  have  called  it  a  liquid  or  semi- 
liquid  layer.  Such  it  would  be,  if  the  line  of  increasing  temperature 
6'  E  touched  the  line  of  f  using-point  F  F  at  m'" .  But  it  may  be  only 
a  layer  of  nearest  approach  to  fusion,  as  represented  in  Fig.  75,  and 
therefore  a  layer  of  greatest  instability,  i.  e.,  liable  to  fusion  by  relief  of 
pressure.  This  seems  the  most  probable  condition.  Taken  as  a 
whole,  however,  the  earth  must  be  regarded  as  substantially  solid. 

The  interior  heat  of  the  earth  manifests  itself  at  the  surface  in  three 
principal  forms,  viz.,  volcanoes,  earthquakes,  and  gradual  oscillations 
of  the  earth'' s  crust. 

Section'  2. — Volcanoes. 

Definition. — A  volcano  is  usually  a  conical  mountain,  with  a  funnel- 
shaped,  or  pit-shaped,  or  cup-shaped  opening  at  the  top,  through  which 
are  ejected  materials  of  various  kinds,  always  hot,  and  often  in  a  fused 
condition.  The  activity  of  volcanoes  is  sometimes  constant,  as  in  the 
case  of  Stromboli,  in  Italy,  and  Kilauea,  in  Hawaii,  but  more  commonly 
intermittent,  i.  e.,  having  periods  of  eruption  alternating  with  periods 
of  more  or  less  complete  repose.  Volcanoes  which  hpve  not  been 
known  to  erupt  during  historic  times  are  said  to  be  extinct.  It  is  im- 
possible, however,  to  draw  the  line  of  distinction  between  active  and 
extinct  volcanoes.  Vesuvius,  until  the  great  eruption  which  overthrew 
the  ancient  cities  of  Herculaneum  and  Pompeii,  was  regarded  as  an 

*  Thomson  has  recently  reaffirmed  these  conclusions  with  still  greater  positivcness. — 
Nature,  vol.  xiv,  p.  426 ;  American  Journal  of  Science  and  Art,  vol.  xii,  p.  336,  1876. 
\  American  Geologist,  vol.  i,  p.  382,  vol.  ii,  p.  28,  and  vol.  iv,  p.  88. 
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extinct  volcano.  Since  that  time  it  has  been  very  active.  Krakatoa, 
after  a  silence  of  200  years,  burst  out  in  1883  in  the  greatest  eruption 
known. 

Size,  Number  and  Distribution.— Some  volcanoes  are  among  the 
loftiest  mountains  on  our  globe.  Aconcagua,  in  Chili,  is  23,000  feet, 
Gotopaxi,  in  Peru,  19,GC0  feet  in  height.  These  volcanic  cones,  how- 
ever, are  situated  on  a  high  plateau  ;  their  height,  therefore,  is  not  due 
to  volcanic  eruptions  entirely.  But  Maima  Loa,  in  Hawaii,  nearly 
14,000  feet,  and  Mount  Etna,  11,000  feet  high,  seem  to  be  due  entirely, 
and  Mount  Shasta,  California,  14,440  feet,  Rainier,  State  of  Washing- 
ton, 14,444,  almost  entirely  to  this  cause.  Tlie  crater  of  Mauna  Loa 
is  two  and  a  half  miles  across ;  that  of  Kilauea  three  miles  across 
and  1,000  feet  deep. 

The  number  of  known  volcanoes,  according  to  Humboldt,  is  407, 
and  of  these  300  to  350  are  known  to  have  been  active  in  the  last  IGO 
years.  The  actual  number  is,  however,  probably  much  greater.  It 
lias  been  estimated  that,  in  the  archipelago  about  Borneo  alone,  there 
are  900  volcanoes.*  The  distribution  of  volcanoes  is  remarkable. 
[a)  They  are  almost  entirely  confined  to  the  vicinity  of  the  sea.  Two 
thirds  of  them  are  found  on  islands  in  the  midst  of  the  sea,  and  the 
remainder,  with  the  exception  of  a  few  in  the  interior  of  Asia,  are  near 
the  sea-coast.  Those  on  the  islands  in  the  sea,  probably  commenced, 
most  of  them,  at  the  bottom  of  the  sea,  the  islands  having  been  formed 
by  their  agency.  New  islands  have  been  suddenly  formed  under  the 
eye  of  observers  in  the  Mediterranean  and  in  the  Pacific  Ocean.  The 
basin  of  the  Pacific  is  the  great  theatre  of  volcanic  activity,  nearly 
seven  eighths  of  all  known  volcanoes  being  situated  on  its  coasts  or  on 
islands  in  its  midst,  {b)  Volcanoes  are,  moreover,  distributed  in  groups 
(as  the  Hawaiian  volcanoes,  the  Mediterranean  volcanoes,  the  Icelandic 
volcanoes,  the  West  Indian  volcanoes,  the  volcanoes  of  Auvergne,  etc.), 
or  along  extensive  lines  as  if  connected  with  a  great  fissure  of  the 
earth's  crust.  The  most  remarkable  linear  series  of  volcanoes  is  that 
which  belts  the  Pacific  coast.  Commencing  with  the  Fuegian  vol- 
canoes it  runs  along  the  whole  extent  of  the  Andes,  then  along  the 
Cordilleras  of  Mexico,  the  Rocky  Mountains,  then  along  the  Aleutian 
cliain  of  islands,  Kamtchatka,  the  Kurile  Islands,  Japan  Islands, 
Philip.pines,  New  Guinea,  New  Zealand,  to  the  antarctic  volcanoes 
Mounts  Erebus  and  Terror,  thence  back  by  Deception  Island  to  Fucgia 
again,  thus  completely  encircling  the  globe,  (c)  Volcanoes  are  gen- 
erally formed  in  comparatively  recent  strata.  This  seems  to  be  con- 
nected with  their  relation  to  the  sea;  for  recent  strata  are  abundant 
about  the  sea-coast,  and  the  most  recent  are  now  forming  in  the  bed 


*  Herschcl,  Physiail  Geology,  p.  113. 
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of  the  sea.  The  extinct  volcanoes  of  France  and  Germany  are  in 
tertiary  regions.  Possibly  the  retiring  of  the  soa  has  extinguished 
them.  In  the  oldest  strata  volcanic  activity  has  apparently  died  out 
long  ago. 

Phenomena  of  an  Eruption. — The  phenomena  of  an  eruption  are  very 
diverse.  Sometimes  tliere  is  a  gradual  melting  of  the  floor  of  the  crater, 
and  then  a  rising  and  boiling  of  the  liquid  contents  until  they  quietly 
overflow  and  form  immense  streams  of  lava  extending  fifty  to  sixty 
miles.  After  the  eruption,  the  melted  lava  again  sinks  and  cools,  and 
solidifies,  to  form  the  floor  of  the  crater  until  another  eruption.  This 
is  the  case  with  tlie  Hawaiian  and  many  other  volcanoes  in  the  South 
Seas.  In  other  cases,  as  in  the  Mediterranean  volcanoes,  and  especially 
in  many  in  the  Indian  Ocean,  the  eruption  is  fearfully  explosive.  In 
such  cases  the  eruption  is  usually  preceded  by  premonitory  earthquakes 
and  sounds  of  subterranean  explosions;  then  the  bottom  of  the  crater 
is  blown  out  with  a  violent  explosion,  thi'owing  huge  rocky  fragments 
to  great  distances,  often  many  miles ;  then  the  melted  lava  rises  and 
overflows  in  streams  running  down  the  side  of  the  mountain.  The 
rise  and  overflow  of  lava  are  accompanied  with  violent  explosions  of 
gas  which  throw  up  immense  quantities  of  ashes  and  cinders  6,000  and 
even  10,000  feet  above  the  crater.*  The  fine  ashes  from  Krakatoa  are 
said  to  have  been  carried,  by  the  uprush  of  gas  and  vapors,  to  the 
amazing  height  of  17  miles.f  In  the  great  eruption  of  Tomboro,  in 
the  island  of  Sumbawa  near  Java,  in  1815,  these  explosions  were  heard 
in  Sumatra,  970  miles  distant.^  Explosions  of  Krakatoa  were  heard 
2,000  and  even  3,000  miles.*  The  emission  of  gas  usually  continues 
after  all  other  ejections  cease.  Violent  storms  and  heavy  rain  accom- 
pany the  eruption,  and  when  the  mountain  reaches  into  the  region  of 
perpetual  snow,  as  in  many  of  the  South  American  volcanoes,  the 
fearful  deluges  produced  by  the  sudden  melting  of  the  snows  are  often 
the  most  destructive  phenomenon  connected  with  the  eruption. 

Volcanic  eruptions,  therefore,  may  be  divided  into  two  great  types, 
viz.,  the  quiet  and  the  explosive.  In  the  one,  lava-flows  predominate  ; 
in  the  other,  cinders  and  ashes,  and  steam  and  gas.  The  Hawaiian  vol- 
canoes are  perhaps  the  best  examples  of  the  former,  and  the  Javanese 
volcanoes,  especially  Krakatoa,  of  the  latter.  The  Mediterranean  and 
most  other  volcanoes  are  mixtures  of  these  two  types  in  varying  pro- 
portions. 

Hie  quantity  of  mnterinls  ejected  during  an  eruption  is  sometimes 
almost  inconceivable.  During  the  great  eruption  of  Tomboro,  already 
mentioned,  ashes  and  cinders  were  ejected  sufficient  to  make  three 


*  Dana's  Maniinl,  p.  C92.  J  I-ycll,  Principles  of  Geology, 

f  Judd,  Nature,  vol.  xxxviii,  p.  540,  1888.  "  Science,  vol.  iv,  p.  134,  1884. 
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Mont  Blancs,  or  to  cover  the  whole  of  Glermany  two  feet  deep,  or  equal 
to  37  cubic  miles.*  In  the  eruption  of  Krakatoa,  August,  1883,  44  cubic 
miles  of  material  were  blown  into  dust  so  fine  that  it  was  carried  by  the 
gas-curreut  17  miles  high,  and  some  of  it  remained  suspended  for  two 
or  three  years.  The  lava  which  streamed  from  Skaptar  JokuU,  Ice- 
land, in  1783,  has  been  computed  to  be  equivalent  to  about  twenty-one 
cubic  miles,  or  to  the  whole  quantity  of  water  poured  by  the  Nile  into 
the  sea  in  one  year !  These  were,  however,  very  extraordinary  erup- 
tions. In  the  greatest  eruptions  of  Vesuvius  the  quantity  of  lava 
poured  out  was  not  more  than  600,000,000  cubic  feet  =  one  square  mile 
covered  twenty-two  feet  deep.  The  volume  of  lava  poured  out  by 
Kilauea,  in  1840,  is  estimated  by  Dana  as  sufficient  to  cover  one  square 
mile  of  surface  800  feet  deep. 

Great  destruction  of  life  is  often  produced  by  volcanic  eruptions. 
The  overthrow  of  Herculaneum  and  Pompeii  by  ejections  from  Vesu- 
vius is  well  known.  The  great  eruption  of  Skaptar  JokuU  destroyed 
1,300  human  lives  and  150,000  domestic  animals.  The  eruption  of 
Etna,  in  1669,  overwhelmed  fourteen  towns  and  villages.  In  the  prov- 
ince of  Tomboro,  out  of  a  population  of  13,000,  only  twenty-six  persons 
escaped  the  great  eruption  of  1815. 

Monticules. — Eruptions  occur  not  only  from  the  summit-crater,  but 
also  frequently  from  fissures  in  the  side  of  the  mountain.  By  the  im- 
mense upheaving  force  necessary  to  raise  lava  to  the  mouth  of  the 
crater  of  a  lofty  volcano,  the  mountain  is  fissured  by  cracks  radiating 
from  the  crater  in  all  directions.  These  cracks  are  filled  with  lava, 
which  on  hardening  form  radiating  dikes  which  intersect  the  successive 
layers  of  ejections,  and  bind  them  into  a  stronger  mass  (Fig.  78,  p.  96). 
Through  these  fissures  the  principal  streams  of  lava  often  pass.  Dur- 
ing an  eruption  of  Mauna  Loa,  in  1852,  the  immense  pressure  of  the 
lava  in  the  principal  crater  fissured  the  side  of  the  mountain,  and  a 
fiery  fountain  of  liquid  lava,  1,000  feet  wide,  was  projected  upward 
through  the  fissure  to  the  height  of  700  feet,  and  continued  to  play 
for  several  days.  Upon  these  fissures  subordinate  craters,  and  finally 
cones,  are  formed.  These  subordinate  cones  about  the  base,  and 
upon  the  slopes  of  the  principal  cone,  are  called  monticules  or  hornitos. 
There  are  about  600  monticules  on  Etna — one  of  them  over  700  feet 
high  (Jukes). 

Materials  erupted. — As  we  have  already  stated,  the  materials  erupted 
are  stones,  lava-streams,  cinders,  ashes,  and  gases. 

Stones. — In  explosive  eruptions  the  solid  floor  of  the  crater  is  often 
blown  out  with  violence,  and  rock-fragments,  sometimes  of  vast  size, 
are  thrown  to  great  distances. 


*  Horschel,  Physical  Geology,  p.  111. 
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Lava. — The  terra  lava  is  applied  to  the  liquid  matter  poured  from  a 
volcano  during  eruption,  and  also  to  the  same  when  it  has  hardened 
into  rock. 

Liquidity  of  Lava. — At  the  time  of  eruption  the  liquidity  of  lava 
varies  very  much,  depending  partly  upon  the  lieat,  partly  on  the  fusi- 
bility of  the  material,  and  partly  upon  the  hind  of  fmion.  In  the 
Hawaiian  volcanoes  the  lava  is  a  melted  glass  almost  as  thin  as  honey. 
In  Kilauea  this  lava  is  often  thrown  into  the  air  by  the  bursting  of 
gas-bubbles,  and  drawn  out  into  long  threads  like  spun  glass,  which  is 
carried  by  the  winds,  and  collects  in  places  as  a  soft,  brownish,  towy 
mass,  called  "  Pel'e^s  hairy 

Physical  Conditions  of  Lava. — Completely  fused  lava,  when  cooled 
rapidly,  forms  volcanic  slag  or  volcanic  glass  {obsidian) ;  but  if  cooled 
slowly,  so  that  the  several  minerals  of  which  it  is  composed  have  time 
to  separate  and  crystallize,  forms  stony  lava.  If  it  is  full  of  gas-bubbles 
{rockfroth)  and  hardens  in  this  condition,  it  forms  veeicnlar  or  scori- 
aceous  lava.  If  the  quantity  of  gas  and  steam  be  very  great,  the  whole 
liquid  mass  may  swell  into  a  rockfroth,  which  rises  to  the  lip  of  the 
crater,  and  outpours  much  as  portej  or  ale  from  a  bottle  when  the  cork 
is  drawn.  Or  the  rock-forth  may  be  thrown  violently  into  the  air,  and, 
hardening  there,  may  fall  again  in  cindery  or  scoriaceotts  masses ;  or, 
thrown  with  still  greater  violence,  the  rock-froth  may  be  broken  into 
fine  rock-spray,  and  fall  as  volcatiic  sand  and  ashes.  Ashes,  when  con- 
solidated by  time  and  percolating  water,  or  when  deposited  in  water 
form  tifa.  Thus,  there  are  four  physical  conditions  in  which  we  find 
lava — viz.,  stony,  glassy,  scoriaceous,  and  tufaceous. 

Again,  the  liquidity  of  lava  and  its  character  depend  much  on  the 
kind  of  fusion.  Daubree  has  shown  that  all  siliceous  rocks  and  glass 
mixtures,  in  the  presence  of  supei'lieated  water  even  in  small  quantities, 
and  under  pressure,  will  become  more  or  less  liquid,  at  temperatures  far 
below  that  necessary  to  produce  true  fusion.  At  400°  Fahr.,  such  rocks 
become  pasty,  at  800°  completely  liquid.  The  same  change  takes  place 
at  even  lower  temperatures  if  a  little  alkali  be  present.  To  distinguish 
this  liquidity  from  that  of  true  igneous  fusion,  which  requires  a  tem- 
perature of  2,500°  to  3,000°,  it  has  been  called  aqueo-igneoiis  or  hy- 
drothernial  fusion.  Now,  very  much  lava  at  the  time  of  eruption  is  in 
this  condition.  Such  lava,  when  the  pressure  is  suddenly  removed  by 
breaking  up  of  the  floor  of  the  crater,  and  the  contained  water  suddenly 
changed  into  steam,  is  blown  into  the  finest  chist,  which  is  then  carried 
to  great  height  by  the  out-rushing  steam,  and  falls  again  as  volcanic 
ashes,  which  may  consolidate  into  tufa.  If  the  heat  be  not  sufficient  to 
produce  complete  aqueo-igneous  fusion,  the  lava  is  outpoured  as  a  kind 
of  rock-broth  consisting  of  nnfused  particles  in  a  semifused  mass,  Avhich 
concretes  into  an  earthy  kind  of  rock.    Or  the  material  may  pour  out 
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only  us  hot  mud,  which  coucretos  into  a  kind  of  tufa.  In  fact,  every 
variety  of  fusion  and  semif  usion,  depending  on  the  degree  of  heat  and  the 
quantity  of  water,  may  be  traced,  frpm  perfect  igneous  fusion  through 
various  grades  of  aqueo-igneous  fusion,  to  the  condition  of  hot  mud. 

It  is  evident  that,  of  the  two  hinds  of  eriqAion  mentioned  above, 
the  quiet  type  is  characterized  by  igneous  fusion,  the  explosive  type  by 
aqueo-igneous  fusion.  In  the  former  the  heat  is  great,  but  the  amount 
of  water  is  small ;  while  in  the  latter  the  heat  is  less,  but  the  amount 
of  water  far  greater. 

The  rapidity  of  the  flow  of  a  lava-stream  depends  on  its  fluidity.  In 
the  Hawaiian  volcanoes  the  lava,  where  it  issues  from  the  crater,  has 
been  seen  to  flow  with  a  velocity  of  fifteen  miles  an  hour ;  while 
Vesuvian  lava  seldom  flows  at  a  rate  of  more  than  two  or  three  miles 
an  hour.  Lava,  like  glass,  passes  through  various  grades  of  viccous 
fluidity  in  cooling.  It  gradually  becomes  so  stiff  that  it  may  flow  only 
a  few  feet  per  day.  The  froth  or  scum  which  covers  the  surface  of  a 
lava-stream  quickly  cools  and  hardens  into  a  crust  of  vesicular  lava, 
which  may  even  be  walked  upon  while  the  interior  is  still  flowing  be- 
neath. In  this  way  are  often  formed  long  galleries.  Also  the  running 
together  of  the  contained  gas-bubbles  and  steam-bubbles  forms  huge 
blisters  in  the  viscous  mass,  which,  on  hardening,  form  cavities  often 
of  great  size.  Thus,  recent  lavas  have  often  a  cavernous  and  galleried 
structure,  like  limestone  (page  77),  but  fi-om  a  different  cause. 

Classification  of  Lavas. — Miner alogically.i  lava  consists  essentially  of 
feldspar,  augite,  and  magnetite,  either  their  constituents  chemically  unit- 
ed, as  in  glassy  lava,  or  aggregated  into  more  or  less  distinct  particles  or 
crystals,  as  in  the  stony  varieties.  Now,  feldspar  is  a  light-colored  mineral, 
having  a  specific  gravity  of  about  2'5,  while  augite  and  magnetite  are  usu- 
ally very  dark-colored  minerals,  having  specific  gravities  of  about  3*5  to  5. 
It  is  evident,  therefore,  that  in  proportion  as  feldspar  predominates,  the 
lava  is  lighter  colored  and  of  less  specific  gravity ;  and  in  proportion 
as  augite  and  magnetite  predominate,  the  rock  is  darker  and  heavier. 
Chemically,  feldspar  is  a  silicate  of  alumina  and  alkali,  with  excess  of 
silica  (acid  silicate).  The  alkali  may  be  either  potash,  and  then  it  is 
CiiWed  jjotash  feldspar,  or  orthoclase  ;  or  else  it  is  soda  and  lime,  and 
then  it  is  called  soda-lime  feldspar,  or  plagioclase.  Of  these  two  the 
former  is  the  more  acid.  Augite  is  a  silicate  of  lime,  magnesia,  and 
iron,  with  excess  of  base  (basic  silicate).  Therefore,  lava  may  be  di- 
vided into  two  classes — acidic  lavas  and  basic  lavas.  In  the  former, 
feldspar  predominates,  in  the  latter  augite.  Moreover,  in  the  one  the 
form  of  feldspar  is  orthoclase,  in  the  other  plagioclase.  Further,  it  is 
seen  that  all  lavas  are  multiple  silicates,  like  glass :  they  are,  therefore, 
true  glass-mixtures.  Now,  the  acidic  lavas  are  a  more  difficultly  fusi- 
ble, the  basic  lavas  a  more  easily  fusible  glass-nuxture.    Either  of  these 
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two  kinds  of  lava  may  exist  in  any  of  the  conditions  mentioned  above 
 viz.j  as  stony,  glassy,  vesicular,  or  tufaceous  lava.  Trachyte  is  an  ex- 
ample of  acidic  lava,  and  basalt  of  basic  lava  in  a  stony  condition. 
Finnice  is  a  peculiar  vesicular  variety  of  feldspathic  lava. 

It  is  not  improbable  that  the  fusion  and  subsequent  cooling  of 
granite,  or  gneiss,  or  even  of  the  purer  varieties  of  mixed  sandstones 
and  clays,  would  make  a  tracliytic  lava ;  while  the  fusion  and  cool- 
ing of  impure  slates  and  shales  and  limestones  would  produce  basaltic 
lava. 

Gas,  Smoke,  and  Flame. — The  gases  emitted  by  volcanoes  are  prin- 
cipally sulphurous  vapor  (S  and  SOo),  hydrochloric  acid,  and 
carbonic  acid.  By  far  the  most  abundant  of  these  is  steam.  In  violent, 
explosive  eruptions,  which  eject  principally  cinders  and  ashes,  it  is 
probable  that  water,  mostly  in  the  form  of  steam,  is  one  of  the  most 
abundant  of  all  the  ejected  materials.  In  quiet  lava-eruptions,  like 
those  of  the  Hawaiian  volcanoes,  the  quantity  of  steam  and  gases  is 
small.  It  is  worthy  of  notice,  in  connection  with  the  position  of  vol- 
canoes near  the  sea,  that  the  gases  ejected  are  such  as  might  be  formed 
from  sea- water  and  from  limestone.  The  so-called  smoke  and  flame  of 
volcanoes  have  no  connection  with  combustion.  The  condensed  vapors 
and  the  ashes  suspended  in  the  air,  often  in  such  quantities  as  to  make 
midnight-darkness  at  high  noon,  form  the  smoke ;  and  the  red  glare 
of  the  same,  reflecting  the  light  from  the  incandescent  lava  beneath, 
forms  the  apparent  flame. 

All  volcanic  ejections,  except  the  gases,  accumulate  about  the  crater, 
and  continue  to  increase  with  every  successive  eruption,  forming  a  sort 
of  stratified  deposit.  Sometimes  the  cone  is  made  up  of  successive 
layers  of  lava,  as  in  Hawaiian  volcanoes ;  sometimes  it  is  made  up  of 
successive  layers  of  cinders  or  tufa;  sometimes  of  alternate  layers  of 
lava  and  tufa.  Stratified  materials  of  this  kind,  however,  can  not 
be  confounded  with  those  produced  by  the  action  of  water.  In  the 
former  case  the  stratification  is  not  the  result  of  the  sorting  of  the 
materials. 

Kinds  of  Volcanic  Cones. — Volcanic  cones  and  craters  have  been 
divided  into  two  kinds — viz.,  co?ies  of  elevation  and  cones  of  erujHion. 
A  cone  of  elevation  is  formed  by  interior  forces  lifting  the  crust  of  the 
earth  at  a  particular  point  until  the  latter  breaks  and  forms  a  crater, 
through  which  eruptions  take  place.  It  is  an  earth-blister,  which 
swells  and  breaks  at  the  top.  A  cone  of  eruption,  on  the  other  hand, 
is  formed  by  the  accumulation  around  a  crater  of  its  own  ejection. 
There  has  been  much  discussion  among  physical  geologists  as  to 
whether  existing  volcanic  cones  are  formed  mostly  by  the  one  method 
or  the  other.  We  will  not  enter  into  this  discussion.  It  seems  prob- 
able, however,  that  most  cones  are  principally  cones  of  eruption, 
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although  their  height  and  size  have  been  increased  somewhat  also  by 
elevating  forces. 

Mode  of  Formation  of  a  Volcanic  Cone. — A  volcano  commences — 1. 
As  a  simple  opening  in  the  eiirtli's  crust,  in  most  cases  with  little  or  no 
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Fio.  76.— Section  across  Hawaii. 


elevation.  Through  this  opening  or  crater  are  ejected,  from  time  to 
time,  lava,  cinders,  ashes,  etc.,  which  accumulate  immediately  about  the 

crater,  and  continue  to  increase,  by 
successive  layers,  with  every  eruption. 
Ejections  of  pure  lava,  particularly  if 
the  lava  is  very  fluid,  form  a  cone  of 
broad  base  and  low  inclination.  This 
is  the  case  with  the  Pacific  volcanoes. 
Fig.  76  is  a  section  through  Hawaii, 
showing  the  slope  of  the  pure  lava- 
cones  of  Mauna  Loa  (Z-),  nearly  14,000  feet  high,  and  of  Mauna  Kea 
{K).    Tufa-cones  and  cinder-cones  (Fig.  77)  take  a  much  higher  angle 


Fig.  77.  —Section  of  Ciuder-Coue. 


Fio.  78.— Dikes  at  the  Base  of  the  Serra  del  Solfizio,  Etna. 
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of  slope.  2.  With  every  eraption  the  powerful  internal  forces  fissure 
the  mountiiiu,  in  lines  riidiatiug  from  the  crater.  These  fissures  are 
filled  with  liquid  lava,  which,  on  hardening,  forms  radiating  dikes,  in- 
tersecting the  layers  of  ejections,  and  binding  them  into  a  more  solid 
mass.  By  erosion  these  stand  out  from  the  sides  of  the  mountain  like 
buttresses.  Fig.  78  shows  how  these  dikes,  rendered  more  visible  by 
erosion,  intersect  the  strata.  3.  After  a  time,  when  the  mountain  has 
grown  to  considerable  height,  the  force  necessary  to  raise  liquid  lava 
to  the  lip  of  the  crater  becomes  so  great  that  it  breaks  in  preference 
through  the  fissured  sides  of  the  mountain.  The  secondary  craters 
thus  formed  immediately  commence  to  make  accumulations  around 


Fig.  79. — Section  of  Volcano,  showing  Monticules. 


themselves,  and  thus  form  secondary  cones  (Fig.  79,  c'),  or  monti- 
cules, about  the  base  and  on  the  sides  of  the  primary  cone.  If  a 
secondary  cone  becomes  extinct,  it  is  finally  buried  (Fig.  79,  c")  in 
the  layers  of  the  primary  cone.  4.  Finally,  in  volcanoes  of  the  explo- 
sive type,  during  great  eruptions  the  whole  top  of  the  mountain  is 
often  blown  off,  and  in  volcanoes  of  the  quieter  type  is  melted  and 
falls  in — in  either  case  forming  an  immense  crater,  within  which,  by 
subsequent  eruptions,  another  smaller  cone  of  eruption  is  built  up,  and 
in  this  latter  often  a  still  smaller  cone  is  again  built.   This  cone-within- 


Prescnt  outline  of  Vosiiviiis  and  Somma. 


....  Outline  of  the  volcano  before  the  great  eruption  of  79. 

"  Outline  of  the  cone  during  the  sixteenth  and  seventeenth  centuries. 
  Outline  of  the  cone  after  the  great  eruption  of  1822. 

Fig.  80.— Outlines  of  Vesuvius,  showing  its  form  at  different  periods  of  its  history  (after  Judd). 

cnne  structure  is  well  illustrated  by  the  present  condition,  and  still 
better  by  the  history,  of  Vesuvius.  Vesuvius  is  a  double -peaked 
mountain,  with  a  deep,  semicircular  valley  between  the  peaks.  The 
present  active  cone  of  Vesuvius  is  encircled  by  a  rampart,  very  high 
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on  one  side,  and  called  Mount  Somma,  but  traceable  to  some  degree  all 
around,  and  having  the  same  structure  as  Vesuvius  itself.  This  ram- 
part is  the  remains  of  a  great  crater,  many  miles  in  diameter.  Fig.  80 
is  an  ideal  section  through  Mount  Somma  (S),  and  Vesuvius  (  V).  A" 
is  the  almost  obliterated  remains  of  the  old  crater  on  the  other  side. 


Fig.  81.— Mount  Vesuvins  in  1756  (after  Scrope.) 


This  is  further  and  beautifully  illustrated  by  the  history  of  this  mount- 
ain, which  records  the  repeated  destruction  and  rebuilding  of  these 
cones  within  cones.  Fig.  81  is  an  outline  of  Vesuvius  as  it  existed  in 
1756  ;  *  ^S*  is  Mount  Somma. 

Many  other  volcanoes  are  known  which  have  similar  circular  ram- 
parts made  up  of  layers  of  volcanic  ejections.    One  of  the  most  re- 


Fio.  83.— Section  across  Barren  Island  (after  Mallett) :  « I,  sea-level.   The  (lotted  line  is  added  to 

show  the  supposed  former  conditions. 

markable  of  these  is  Barren  Island,  in  the  Bay  of  Bengal  (Fig.  82). 
The  dilTerence  between  this  and  Vesuvius  is,  that  the  circle  is  more 
complete.! 

Comparison  between  a  Volcanic  Cone  and  an  Exogenous  Tree. — It 
is  evident,  then,  that  a  cone  of  eruption  grows  by  layers  successively 
applied  on  the  outside.  Both  in  structure  and  growth  it  may,  there- 
fore, be  compared  to  an  exogenous  tree:  1.  As  the  sap  ascends 
through  the  center  of  the  shoot  and  descends  on  the  outside,  forming 


*  Scrope,  Philosophical  Magazine,  vol.  xiv,  p.  139. 

f  Medlicot  and  Blandford,  Manual  of  Geology  of  India,  p.  736. 
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layers  of  wood,  one  outside  of  the  other,  increasing  every  year  the 
height  and  the  diameter  of  the  tree;  so  in  a  volcano  lava  ascends 
through  the  center  and  pours  over  the  outside,  forming  also  successive 
layers,  increasing  both  the  diameter  and  the  height.  2.  As  a  cross- 
section  of  a  tree  shows  concentric  rings  around  (Fig.  83)  a  central 
■pith,  and  is  traversed  by  pith-rays;  so  a  cross-section 
of  a  volcano  would  show  a  central  crater,  with  concen- 
tric layers,  traversed  by  radiating  dikes.  3.  As  on  the 
pith-rays,  where  they  emerge  upon  the  surface,  arise 
buds,  which  grow  in  a  manner  similar  to  the  trunk  ; 
so  on  the  radiating  dikes  are  formed  monticules,  which 
grow  like  the  princijaal  cone.  If  buds  die,  they  are 
covered  up  in  the  annual  layers  of  the  trunk ;  so,  in  like  manner,  ex- 
tinct monticules  are  buried  in  the  layers  of  the  principal  cone. 

Estimate  of  the  Age  of  Volcanoes. — The  age  of  exogenous  ti-ees,  as 
is  well  known,  may  be  estimated  by  counting  the  annual  rings.  The 
age  of  volcanoes  can  not  be  estimated  accurately  in  a  similar  manner : 
1.  Because  the  overflows  are  not  regularly  periodical ;  2.  Because  in 
the  case  of  lava-overflows  it  requires  many  overflows  to  make  one  com- 
plete layer;  and,  3.  Because  it  is  impossible  to  make  a  complete 
section  of  the  mountain.  Nevertheless,  Nature  gives  us  partial  sec- 
tions, which  reveal  an  almost  incalculable  antiquity.  Thus,  the  Val  de 
Bove,  of  Etna  (a  huge  valley  reaching  from  near  the  summit  to  the 
foot,  and  probably  formed  by  an  ingulf ment  of  a  portion  of  the  mount- 
ain), gives  a  perpendicular  section  into  the  heart  of  the  mountain 
3,000  feet  deep.  Throughout  the  whole  of  this  section  the  mountain 
is  composed  entirely  of  layers  of  lava  and  cinders.  It  is  almost  cer- 
tain, therefore,  that  the  whole  mountain  to  its  very  base,  11,000  feet, 
is  similarly  composed.  That  the  time  necessary  to  accumulate  this 
immense  pile,  11,000  feet  high  and  ninety  miles  in  circumference  at 
the  base,  was  almost  inconceivably  great,  is  shown  by  the  fact  that 
Etna  had  already  attained  very  nearly  its  present  size  and  shape  2,600 
years  ago,  when  it  was  observed  by  the  early  Greek  writers.  The  lava- 
stream  which  stopped  the  Carthaginians  in  their  march  against 
Syracuse,  396  years  before  Christ,  may  still  be  seen  at  the  surface,  not 
yet  covered  by  subsequent  eruptions.  And  yet  Etna  belongs  to  the 
most  recent  geological  epoch,  for  it  has  broken  through,  and  is  built 
upon,  the  newer  tertiary  strata. 

Theory  of  Volcanoes. 

In  the  theory  of  volcanoes  there  are  two  things  to  be  accounted  for, 
viz. :  1.  The  force  necessary  to  raise  melted  lava  to  the  lips  of  the 
crater,  and  even  to  project  it  with  violence  high  into  the  air ;  2.  The 
heat  necessary  to  fuse  rocks  and  form  lava. 
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Force.— The  specific  gravity  of  lava  being  about  2  5  to  3,  it  would 
require  the  pressure  of  one  atmosphere,  or  fifteen  pounds  to  the  square 
inch,  for  every  eleven  or  twelve  feet  of  vertical  elevation  of  the  liquid 
mass.  The  following  table  gives  the  pressure  in  atmospheres  for  four 
well-known  volcanoes,  assuming  the  point  of  hydrostatic  equilibrium 
to  be  at  the  sea-level : 


NAME. 

Height. 

Pressure  In  atmospheres. 

3,900  feet 

325 

11,000  " 

9L0 

Mauna  Loa 

13,800  " 

1,150 

19,660  " 

1,638 

The  lava  is  often,  however,  in  a  frothy  or  vesicular  condition.  In 
such  cases  the  pressure  necessary  to  produce  overflow  would  bo  much 
less.  But,  on  the  other  hand,  the  force  in  most  cases  is  not  only 
sufficient  to  lift  lava  to  the  top  of  the  crater,  but  to  project  it  thou- 
sands of  feet  in  the  air.  A  rock-mass  of  over  2,700  cubic  feet  was  pro- 
jected from  the  crater  of  Cotopaxi  to  a  distance  of  nine  miles  (Lyell). 
The  agent  of  this  prodigious  force  is  evidently  gas  and  vapors,  es- 
pecially steam.  The  great  quantity  of  steam  issuing  from  all  volcanoes, 
but  especially  from  those  of  the  explosive  type,  is  sufficient  proof. 
Thus  far  theorists  generally  agree,  but  from  this  point  opinions  diverge 
into  the  most  opposite  directions. 

The  Heat. — There  are  many  and  diverse  opinions  as  to  the  source  of 
the  heat  associated  with  volcanic  eruptions.  Two  prominent  views, 
however,  may  be  said  to  divide  geologists.  According  to  the  one,  the 
heat  is  the  remains  of  the  primal  heat  of  the  once  universally  incandes- 
cent earth ;  according  to  the  other,  the  heat  is  produced  by  chemical 
or  mechanical  action.  According  to  the  former,  the  heat  is  general, 
and  only  the  access  of  water  is  local ;  according  to  the  latter,  both  the 
heat  and  the  access  of  water  are  local.  According  to  the  former, 
volcanoes  are  openings  through  the  comparatively  thin  crust,  revealing 
the  universal  interior  fluid;  according  to  the  latter,  they  are  openings 
into  isolated  interior  lakes  of  molten  matter.  The  former  may  be 
called  the  "interior  fluidity"  theory;  the  latter  divides  into  two 
branches,  which  may  be  called  respectively  the  "  chemical "  and  the 
"  mechanical "  theory.  In  all,  access  of  water  to  the  hot  interior  fur- 
nishes the  force. 

Internal  Fluidity  Theory. — This  theory  supposes  that  the  earth, 
from  its  original  incandescent  condition,  slowly  cooled  and  formed  a 
surface-crust ;  that  this  surface-crust,  though  ever  thickening  by  ad- 
ditions to  its  interior  surface,  is  still  comparatively  very  thin,  and 
beneath  it  is  still  the  universal  incandescent  liquid;  that  by  move- 
ments of  the  surface  the  solid  crust  is  fissured,  and  water  from  the  sea 
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or  from  other  sources  finds  its  way  to  the  incandescent  liquid  mass, 
and  develops  elastic  force  sufficient  to  produce  eruption. 

By  this  view  the  focus  of  volcanoes  is  situated  at  the  lower  limit  of 
the  solid  crust.  The  theory  seems  clear  and  simple  enough,  but  when 
closely  examined  there  are  many  difficulties  in  the  way  of  its  accept- 
ance. 

Objections. — The  objections  to  this  view  are  :  1.  That  the  crust,  as 
already  shown,  must  be  far  thicker  than  this  theory  requires,  probably 
hundreds  of  miles  thick,  if,  indeed,  there  be  any  general  liquid  interior 
at  all ;  but  volcanoes  are  evidently  very  superficial  phenomena.  Under 
the  pressure  of  this  difficulty  these  theorists  have  been  driven  to  the 
acknowledgment  of  local  thinnings  of  the  solid  crust  in  the  region  of 
volcanoes. 

2.  Pressure  on  a  general  interior  liquid  from  any  cause  at  any  place 
would,  by  the  law  of  hydrostatics,  be  transmitted  equally  to  every  part 
of  the  crust,  which  would,  therefore,  yield  at  the  weakest  point, 
wherever  that  may  be,  even  though  it  be  on  the  opposite  side  of  the 
globe;  but  the  force  of  volcanic  eruption  is  evidently  just  beneath  the 
volcano. 

3.  Volcanoes  belonging  to  the  same  group,  and  therefore  near 
together,  often  erupt  independently,  as  if  each  had  its  own  reservoir  of 
liquid  matter.  The  pressure  of  these  two  objections  has  driven  many 
to  the  admission  of  a  sort  of  lioney- combed  remains  of  the  interior 
liquid  inclosed  in  the  solid  crust,  and  now  isolated  both  from  the  in- 
terior liquid  and  from  each  other. 

Chemical  Theory. — Whether  or  not  the  earth  consist  of  solid  crust 
covering  an  interior  liquid,  it  almost  certainly  consists  of  an  oxidized 
cnist  covering  an  unoxidizcd  interior.  Now,  the  oxidizing  agents  are 
water  and  air,  and  therefore  the  limit  of  the  oxidized  crust  is  the  limit 
of  volcanic  water.  Therefore,  the  oxidizing  agent  and  the  unoxidized 
material  are  in  close  proximity,  and  the  former  ever  encroaching  on 
the  later,  and  therefore  liable  at  any  moment  to  set  ujj  chemical 
action,  the  intensity  of  which  would  vary  with  the  nature  of  the  ma- 
terial. If  the  action  be  intense,  heat  may  be  formed  sufficient  to  fuse 
the  rocks  and  to  develop  elastic  force  necessary  to  produce  eruption. 

In  this  general  form,  the  chemical  theory  seems  plausible,  but 
many  have  attempted  to  give  it  more  definiteness,  and  to  explain  the 
special  forms  of  oxidization  which  cause  volcanoes.  The  most  cele- 
brated of  these  definite  forms  is  that  of  Sir  Humphry  Davy,  who 
attributed  it  to  the  contact  of  water  with  metallic  potassium,  sodium, 
calcium,  and  magnesium,  in  the  interior  of  the  earth.  In  such  definite 
forms  the  theory  seems  far  too  hypothetical. 

Recent  Theories. — 1.  Aqueo-igneous  Theory. — Accumulation  of 
sediment  on  sca-bottoms  would  necessarily  produce  corresponding  rise 
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of  isogcotherms,  and  thus  the  intei-ior  heat  of  the  earth  would  invade 
the  sediments  with  their  contained  waters.  The  lower  portion  of 
sediments  10,000  feet  thick  would  be  raised  to  a  temperature  of  about 
260°  Fahr.,  and  of  40,000  feet  thick  (sediments  of  this  thickness  and 
more  are  known)  to  that  of  860°.  This  temperature,  or  even  a  less 
temperature  if  alkali  be  present,  would  be  sufficient  in  the  presence  of 
the  contained  water  of  the  sediments  to  produce  complete  aqueo- 
igneous  fusion,  and  probably  to  develop  elastic  force  sufficient  to  pro- 
duce eruption.  This  view  was  first  brought  forward  by  John  Herschel. 
Observe  that  this  temperature  and  the  corresponding  force  would  be 
gradually  developed  as  the  accumulation  progressed,  until  sufficient  to 
produce  these  effects.  Observe,  again,  that  in  this  case  the  water  does 
not  seek  the  heat  by  descending  (the  difficulties  in  the  way  of  this 
are  insuperable),  but  the  heat  seeks  the  already  imprisoned  water  by 
ascending. 

It  seems  very  probable  that  cases  of  eruption  of  hot  mud  and  of 
aqueo-igueously  fused  lavas  may  be  accounted  for  in  this  way,  but  the 
temperature  would  not  be  sufficient  to  account  for  true  igneous  fusion, 
nor  would  the  force  be  sufficient  to  break  up  the  crust  of  the  earth 
and  produce  eruption.  It  is  possible,  however,  that  this  may  be  com- 
bined with,  the  next  theory. 

2.  Mechanical  Theory. — As  we  shall  explain  hereafter  (p.  274), 
there  is  much  reason  to  believe  that  the  interior  of  the  earth  is  con- 
tracting more  rapidly  than  the  exterior,  and  that  the  exterior  is  thus 
necessarily  thrust  upon  itself  by  irresistible  horizontal  pressure.  Ac- 
cording to  Mr.  Mallet,  the  crushing  of  the  rocky  crust  in  places  under 
this  pressure  develops  heat  sufficient  to  fuse  the  rocks,  and  to  produce 
eruption.  But  it  is  at  least  doubtful  whether  the  heat  thus  generated 
would  alo7ie  be  sufficient  for  this  purpose. 

3.  Issuing  of  Superheated  Gases. — Rev.  0.  Fisher  has  advanced  a 
view  which  deserves  attention.  He  thinks  volcanoes  are  vents  through 
which  issue  from  the  earth's  interior  superheated  steam  and  gases, 
melting  the  rocks  in  their  course  and  ejecting  them  by  their  pressure. 
According  to  this  view,  the  water  is  not  derived  from  the  surface,  but 
is  original  and  constituent.  This  view  is  independent  of  the  condition 
of  the  earth's  interior,  whether  solid  or  liquid ;  for  a  temperature 
which  would  permit  solidity  at  great  depths  would  produce  fusion 
under  less  pressure  near  the  surface.*  The  sun  may  be  regarded  as  a 
globe  in  an  earlier  and  more  active  stage  of  vulcanism.  From  its  in- 
terior gases  are  seen  to  issue  in  great  quantity,  and  almost  constantly. 

4.  Prestwich''s  Theory. — If  we  assume  the  existence  of  a  sub-crust 
layer  of  liquid  matter,  then  lateral  crushing  of  the  earth's  crust,  such 


*  Cambridge  Philosophical  Society,  1876. 
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as  undoubtedly  occurs  in  mountain-making,  would  squeeze  the  liquid 
upward  into  and  through  fissures  to  the  surface,  producing  the  quieter 
lava-eruptions ;  or  else,  coming  in  contact  in  its  upward  course  with 
subterranean  waters,  especially  abundant  in  the  fissured  and  cavernous 
structure  of  recent  lavas,  would  develop  steam  and  therefore  violent 
explosive  eruptions. 

5.  Fusio7i  ly  relief  of  Presstire. — We  have  already  seen  that  there 
is  probably  a  sub-crust  layer,  which  if  not  fused  is  nearest  the  fusing- 
point,  and  therefore  liable  to  become  fused  not  by  increase  of  heat,  but 
by  relief  of  pressure.  Such  relief  of  pressure  may  be  produced  either 
by  erosion,  which  often  cuts  away  miles  of  thickness,  or  by  a  fissure, 
or  by  lateral  pressure  such  as  elevates  mountain-ranges.  In  the  last 
case  the  same  lateral  crush,  which  by  relief  of  pressure  produced  the 
fusion,  would  also  squeeze  out  the  liquid  matter  thus  formed. 

Sulordinate  Volcanic  Phenomena. 

'  These  are  Jiot  springs,  carionated  springs,  solfataras,  fumaroles, 
mud-volcanoes,  and  geysers.  They  are  all  secondary  phenomena,  i.  e., 
formed  by  the  percolation  of  meteoric  water  through  hot  volcanic  ejec- 
tions. Or  perhaps  in  some  cases  the  heat  may  be  produced  by  slow  rock- 
crushing  by  horizontal  pressure,  as  explained  above,  or  else  by  local 
chemical  action. 

General  Explanation. — Thick  masses  of  lava  outpoured  from  vol- 
canoes remain  hot  in  their  interior  for  an  incalculable  time.  Water 
percolating  through  these  acquires  their  heat,  and  comes  up  again  as 
hot  springs ;  or,  if  in  addition  it  contains  lime,  as  lime-depositing 
springs ;  or,  if  it  contains  carbonic  acid,  as  carbonated  springs ;  or,  if 
it  contains  sulphurous  acid  and  sulphureted  hydrogen,  as  solfataras. 
If  condensible  vapors  issue  in  abundance  so  as  to  make  an  appearance 
of  smoke,  they  are  called  fumaroles.  If  the  hot  water  briugs  up  with 
it  mud  which  accumulates  about  the  vent,  then  it  is  a  mud-spring  or 
a  mud-volcano.  If  the  heat  is  very  great,  so  that  violent  eruption  of 
water  takes  place  periodically,  then  it  becomes  a  geyser.  We  have 
already  spoken  of  carbonated  lime-depositing  springs  (p.  78).  We 
shall  again,  under  the  head  of  the  theory  of  mineral  veins  (p.  243), 
speak  of  solfataras.   The  only  one  which  need  detain  us  now  is  geysers. 

Geysers. 

A  geyser  may  be  defined  as  a  periodically  eruptive  spring.  Geysers 
are  found  only  in  Iceland,  in  the  Yellowstone  Park  of  the  United 
States,  and  in  New  Zealand.  The  so-called  geysers  of  California  are 
rather  fumaroles.  Those  of  Iceland  have  been  long  studied ;  we  will, 
therefore,  describe  these  first. 
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Iceland  is  a  volcanic  plateau,  with  a  narrow  marginal  habitable 
region  sloping  gently  to  the  sea.  The  interior  plateau  is  the  seat  of 
every  species  of  volcanic  action,  viz.,  lava-eruptions,  solfataras,  mud- 


volcanoes,  hot  springs,  and  geysers.  There  are  several  hundred  vents 
of  all  kinds  in  comparatively  small  space,  among  which  are  many 
geysers.  One  of  these,  the  Great  Geyser,  has  long  attracted  atten- 
tion. 
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Description— The  Great  Geyser  is  a  basin  or  pool  fifty-six  feet  in 
diameter,  ou  tlie  top  of  a  mound  thirty  feet  high.  From  the  bottom 
of  the  basin  descends  a  funnel-shaped  pipe  eight  or  ten  feet  in 
diameter,  and  seventy-eight  feet  deep.  Both  the  basin  and  the  tube 
are  lined  with  silica,  evidently  deposited  from  the  water.  The  natural 
inference  is,  that  the  mound  is  built  up  by  deposit  from  the  water,  in 
somewhat  the  same  manner 
as  a  volcanic  cone  is  built 
up  by  its  own  ejections. 
In  the  intervals  between  the 
eruptions  the  basin  is  filled 
to  the  brim  with  perfectly 
transparent  water,  having  a 
temperature  of  about  170° 
to  180°. 

Phenomena  of  an  Erup- 
tion.— 1.  Immediately  pre- 
ceding the  eruptions  sounds 
like  cannonading  are  heard 

beneath,  and  bubbles  rise  fig.  85.-(After  Hayden.) 

and  break  on  the  surface  of 

the  water.  3.  A  bulging  of  the  surface  is  then  seen,  and  the  water 
overflows  the  basin.  3.  Immediately  thereafter  the  whole  of  the  water 
in  the  tube  and  basin  is  shot  upward  one  hundred  feet  high,  forming 
a  fountain  of  dazzling  splendor.  4.  The  eruption  of  water  is  imme- 
diately followed  by  the  escape  of  steam  with  a  roaring  noise.  These 
last  two  phenomena  are  repeated  several  times,  so  that  the  fountain 


Fia.  86.— The  Tnrban  (after  Hayden). 


continues  to  play  for  several  minutes,  until  the  water  is  sufficiently 
cooled,  and  then  all  is  again  quiet  until  another  eruption.  The  level 
of  the  water  after  an  eruption  is  seven  or  eight  feet  in  the  tube.  The 
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frequency  of  the  eruptions  is  slowly  diminishing.  In  1804  it  was  once 
every  hour;  now  several  days  often  elapse.*  Throwing  large  stones 
into  the  tube  has  the  effect  of  bringing  on  the  eruption  more  quickly. 


Pig.  87.— Giant  Geyser  (after  Hnyden). 


Yellowstone  Geysers. — In  magnificence  of  geyser  displays,  however, 
Iceland  is  far  surpassed  by  the  geyser  basin  of  Firehole  River.  This 


*  Daubr6e,  Archives  des  Sciences,  vol.  xis,  p.  425,  1888. 
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wonderful  geyser  region  is  situated  in  the  northwest  corner  of  Wyo- 
ming, on  an  elevated  volcanic  plateau  near  the  head-waters  of  the 
Madison  River,  a  tributary  of  the  Missouri,  and  of  the  Snake  Eiver,  a 
tributary  of  the  Columbia.  The  basin  is  only  about  three  miles  wide. 
About  it  are  abundant  evidences  of  prodigious  volcanic  activity  m 


Vu:.  K8.— BcL'-llivc  (Jeysor  (from  a  Drawing  by  Holmes). 


former  times,  and  although  primary  volcanic  activity  has  ceased, 
secondary  volcanic  phenomena  are  developed  on  a  stupendous  scale 
and  of  every  kind,  viz.  :  hot  springs,  carbonated  springs,  fumaroles, 
mud-volcanoes,  and  geysers.  In  the  Yellow^stone  Park  itself  there  are 
at  least  3,000  vents  of  all  kinds,  and  of  these  more  than  sixty  are  erup- 
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tive  geysers.  In  some  places,  as  on  Gardiner's  River,  the  hot  springs 
are  mostly  lime-depositiug  (page  78) ;  in  others,  as  on  Firehole  liiver, 
they  are  geysers  depositing  silica. 

In  the  upper  geyser  basin  the  valley  is  covered  with  a  snowy  deposit 
from  the  hot  geyser-waters.  The  surface  of  the  mound-like,  chimney- 
like, and  hive-like  elevations  (Fig.  89),  immediately  surrounding  tlie 
vents,  is,  in  some  cases,  ornamented  in  the  most  exquisite  manner  by 
deposits  of  the  same,  in  the  form  of  scalloped  embroidery  set  with 
pearly  tubercles  ;  in  others  the  siliceous  deposits  take  the  most  fantastic 
forms  (Figs.  84,  85,  86).  In  some  places  the  silica  is  deposited  in  large 
quantities,  three  or  four  inches  deep,  in  a  gelatinous  condition  like 

starch-paste.  Trunks  and  branches  of 
trees  immersed  in  these  waters  are 
speedily  petrified.  It  has  been  shown 
by  Mr.  Weed  that  the  process  is  greatly 
assisted  by  the  growth  of  certain  algae.* 

We  can  only  mention  a  few  of  the 
grandest  of  these  geysers  : 

1.  The  "  Grand  Geyser,"  according 
to  Hayden,  throws  up  a  column  of  water 
six  feet  in  diameter  to  the  height  of  200 
feet,  while  the  steam  ascends  1,000  feet 
or  more.  The  eruption  is  repeated  every 
thirty-two  hours,  and  lasts  twenty  min- 
utes. In  a  state  of  quiescence  the  tem- 
perature of  the  water  at  the  surface  is 
about  150°. 

2.  The  "  Giantess  "  throws  up  a  large 
column  twenty  feet  in  diameter  to  a 
height  of  sixty  feet,  and  through  this 
great  mass  it  shoots  up  five  or  six  lesser 
jets  to  a  height  of  250  feet.  Its  eruptions 
are  fitful  but  last  sometimes  several  hours. 

3.  The  "Giant"  (Fig.  87)  throws  a 
column  five  feet  in  diameter  140  feet  high, 
and  plays  continuously  for  three  hours. 

4.  The  "Bee -Hive"  (Fig.  88),  so 
called  from  the  shape  of  its  mound, 

shoots  up  a  splendid  column  two  or  three  feet  in  diameter  to  the 
height  by  measurement  of  219  feet,  and  plays  fifteen  minutes. 

5.  "  Old  Faithful,"  so  called  from  the  frequency  and  regularity  of  its 
eruptions,  throws  up  a  column  six  feet  in  diameter  to  the  height  of  100 
to  150  feet  regularly  every  hour,  and  plays  each  time  fifteen  minutes. 


Fig, 


89 —Forms  of  Geyser-Craters 
(after  Hayden). 


*  Am.  Jour.,  vol.  xxxvii,  p.  351,  1889. 
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Theories  of  Geyser-Eruption.— The  water  of  geysers  is  not  volcanic 
water,  but  simple  sj^riug- water.  A  geyser  is  not,  therefore,  a  volcano 
ejecting  water,  but  a  true  spring.  There  has  been  much  speculation 
concerning  the  cause  of  their  truly  wonderful  eruptions. 

Mackenzie's  Theory. — According  to  Mackenzie,  the  eruptions  of  the 
Great  Geyser  may  be  accounted  for  by  supposing  its  pipe  connected  by 
a  narrow  conduit  with  the  lower  part  of  a  subterranean  cave,  whose 
walls  are  heated  by  the  near  vicinity  of  volcanic  fires.  Fig.  90  repre- 
sents a  section  through  the  basin,  tube,  and  supposed  cave.  Now,  if 
meteoric  water  should  run  into  the  cave  through  fissures  more  rapidly 
than  it  can  evaporate,  it  would  accumulate  until  it  rose  above,  and 
therefore  closed,  the 
opening  at  a.  The 
steam,  now  having  no 
outlet,  would  condense 
in  the  chamber  h  until 
its  pressure  raised  the 
water  into  the  pipe,  and 
caused  it  to  overflow  the 
basin.  The  pressure 
still  continuing,  all  the 
water  would  be  driven 
out  of  the  cave,  and 
partly  up  the  pipe.  Now, 
the  pressure  which  sustained  the  whole  column  a  d  would  not  only 
sustain,  but  eject  with  violence,  the  column  c  cl.  The  steam  would 
escape,  the  ejected  water  would  cool,  and  a  period  of  quiescence  would 
follow.  If  there  were  but  one  geyser  in  Iceland,  this  would  be  rightly 
considered  a  very  ingenious  and  probable  hypothesis,  for  without 
doubt  we  may  conceive  of  a  cave  and  conduit  so  constructed  as  to 
account  for  the  phenomena.  But  there  are  many  eruptive  springs  in 
Iceland,  and  it  is  inconceivable  that  all  of  them  should  have  caves  and 
conduits  so  peculiarly  constructed.  This  theory  is  therefore  entirely 
untenable. 

Bunsen's  Investigations. — The  investigations  of  Bunsen  and  his 
theory  of  the  eruption  and  the  formation  of  geysers  are  among  tlie 
most  beautiful  illustrations  of  scientific  induction  which  we  have  in 
geology.  We  therefore  give  it,  perhaps,  more  fully  than  its  strict 
geological  importance  warrants. 

Bunsen  examined  all  the  phenomena  of  hot  springs  in  Iceland.  1. 
He  ascertained  that  geyser-water  is  meteoric  water,  containing  the 
soluble  matters  of  the  igneous  rocks  in  the  vicinity.  He  formed 
identical  water  by  digesting  Iceland  rocks  in  hot  rain-water.  2.  He 
ascertained  that  there  are  two  kinds  of  hot  springs  in  Iceland,  viz.,  acid 


a. 


Fig.  90.— Mackenzie's  Theory  of  Eruption. 
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springs  and  alkaline-carhonate  springs,  and  that  only  alkaline-car- 
bonate springs  contain  any  silica  in  solution.  The  reason  is  obvioiis; 
alkaline  waters,  especially  if  hot,  are  the  natural  solvents  of  silica.  3. 
He  ascertained  that  07ily  the  silicated  springs  form  geysers.  Here  is 
one  important  step  taken — one  condition  of  geyser-formation  dis- 
covered. Deposit  of  silica  is  necessary  to  the  existence  of  geysers. 
The  tube  of  a  geyser  is  not  an  accidental  conduit,  but  is  built  up  by 
its  own  deposit.  4.  Of  silicated  springs,  only  those  with  deep  tubes 
erupt — another  condition.  5.  Contrary  to  previous  opinion,  the  silica 
in  solution  does  not  deposit  on  cooling,  but  only  by  drying.  This 
would  make  the  building-up  of  a  geyser-tube  an  inconceivably  slow 
process,  and  the  time  proportionally  long.  6.  The  temperature  of  the 
water  in  the  basin  was  found  to  be  usually  170°  to  180°,  and  that  in  the 
tube  to  increase  rapidly,  though  not  regularly,  with  depth.  Moreover, 
the  temperature,  both  at  the  surface  and  at  all  depths,  increased 
regularly  as  the  time  of  eruption  approached.  Just  before  the  erup- 
tion it  was,  at  the  depth  of  about  forty-five  feet,  very  near  the  boiling- 
point /or  that  depth. 

Theory  of  Geyser-Eruption — Principles. — 1.  It  is  well  known  that 
the  boiling-point  of  water  rises  as  the  pressure  increases.    This  is 

shown  in  the  adjoining  table.  2.  It  follows 
from  the  above  that  if  water  be  under  strong 
pressure,  and  at  high  temperature,  though 
below  its  boiling-point  for  that  pressure,  and 
the  pressure  be  diminished  sufficiently,  it 
will  immediately  flash  into  steam.  3.  Water 
heated  beneath,  if  the  circulation  be  unim- 
peded, is  very  nearly  the  same  temperature,  throughout.  That  it  is 
never  the  same  temperature  precisely  is  shown  by  the  circulation  itself, 
which  is  caused  by  difference  of  temperature,  producing  difference  in 
density.  The  phenomenon  of  simmering  is  also  a  Avell-known  evidence 
of  this  dilference  of  temperature,  since  it  is  produced  by  the  collapse 
of  steam-bubbles  rising  into  the  cooler  water  above.  4.  But  if  the  cir- 
culation be  impeded,  as  when  the  water  is  contained  in  long,  narrow, 
irregular  tubes,  and  heated  with  great  rapidity,  the  temperature  may 
be  greater  below  than  above  to  any  extent,  and  the  boiling-point  may 
be  reached  in  the  lower  part  of  the  tube,  while  it  is  far  from  this  point 
in  the  upper  part. 

Application  to  Geysers, — We  will  suppose  a  geyser  to  have  a 
simple  but  irregular  tube,  without  a  cave,  heated  below  by  volcanic 
fires,  or  by  still  hot  volcanic  ejections.  Now,  we  have  already  seen 
that  the  temperature  of  the  water  in  the  tube  increases  rapidly  with 
the  depth,  but  is,  at  every  depth  to  which  observation  extends,  short 
of  the  boiling-point  for  that  depth.   Let  absciss  a  d  (Fig.  91)  represent 
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depth  in  the  tube,  and  also  pressures;  and  the  corresponding  tem- 
perature be  measured  on  tlie  ordinate  a  n.  If,  then,  a  b,  b  c,  c  d,  rep- 
resent equal  depths  of  thirty-three  or  more  feet,  which  is  equal  to  one 
atmosplieric  pressure,  the  curve  e  f  passing  through  212°,  250°,  275°, 
and  293°,  at  the  horizontal  lines,  rep- 
resenting one  atmosphere,  two  atmos- 
pheres, three  atmospheres,  etc.,  would 
correctly  represent  the  increasing  boil- 
ing-points as  we  pass  downward.  We 
shall  call  this  line,  e  /,  the  curve  of 
boiling-point.  The  line  a  g  commenc- 
ing at  the  surface  at  180°,  and  gradu- 
ally approaching  the  boiling  -  point 
line,  but  everywhere  within  it,  would 
represent  the  actual  temperature  in  a 
state  of  quiescence.  We  shall  call  this 
the  line  of  actual  temperature.  Now, 
Bunsen  found  that,  as  the  time  of 
eruption  approached,  the  tempera- 
ture at  every  depth  approached  the  boiling-point  for  that  depth — 
i.  e.,  the  line  a  g  moved  toward  the  line  e  f.  There  is  no  doubt,  there- 
fore, that,  at  the  moment  of  eruption,  at  some  point  below  the  reach 
of  observation,  the  line  a  g  actually  touches  the  line  e  f — the  boil- 
iug-point  for  that  depth  is  actually  reached.  As  soon  as  this  occurs,  a 
quantity  of  water  in  the  lower  portion  of  the  tube,  or  perhaps  even  in 
the  subterranean  channels  which  lead  to  the  tube,  would  be  changed 
into  steam,  and  the  expanding  steam  would  lift  the  whole  column  of 
water  in  the  tube,  and  cause  the  water  in  the  basin  to  bulge  and  over- 
flow. As  soon  as  the  water  overflowed,  the  pressure  would  be  dimin- 
ished in  every  part  of  the  tube,  and  consequently  a  large  quantity  of 
water  before  very  near  the  boiling-point  would  flash  into  steam  and 
instantly  eject  the  whole  of  the  water  in  the  pipe ;  and  the  steam  itself 
would  rush  out  immediately  afterward.  The  premonitory  cannonading 
beneath  is  evidently  produced  by  the  collapse  of  large  steam-bubbles 
rising  through  the  cooler  water  of  the  upper  part  of  the  tube ;  in  other 
words,  it  is  simmering  on  a  huge  scale.  An  eruption  is  more  quickly 
brought  on  by  throwing  stones  into  the  throat  of  the  geyser,  because 
the  circulation  is  thus  more  effectually  impeded. 

The  theory  given  above  is  substantially  that  of  Bunsen  for  the 
eruption  of  the  Great  Geyser,  but  modified  to  make  it  applicable  to 
all  geysers.  In  the  Great  Geyser,  as  already  stated,  Bunsen  found  a 
point  forty-five  feet  deep,  where  the  temperature  was  nearer  the  boil- 
ing-point than  at  any  within  reach  of  observation.  This  point,  forty- 
five  feet  deep,  plays  an  important  part   in  Bunsen's  theory.  To 
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illustrate:  if  e/ (Fig.  93)  represent  again  the  curve  of  boiling-point, 
then  the  curve  of  actual  temperature  in  the  Great  Geyser  tube  would 

be  the  irregular  line  a  g  h.  At 
the  moment  of  eruption,  this  line 
touched  boiling-point  at g.  Then 
-would  follow  the  instantaneous 
bSdj'h  formation  of  steam,  and  the  phe- 
nomena of  an  eruption.  But  it 
is  extremely  unlikely  that  this  con- 
dition should  exist  in  all  geysers ; 
neither  is  it  all  necessary  in  order 
to  explain  the  phenomenon  of  an 
eruption. 

To  prove  beyond  question  the 
truth  of  this  theory,  Bunsen  con- 
structed an  artificial  geyser.  The 
apparatus  (Fig.  93)  consisted  of  a 
tube  of  tinned  sheet-iron  about  ten  feet  long,  expanding  into  a  dish 
above  for  catching  the  erupted  water.  It  may  or  may 
not  be  expanded  below  for  the  convenience  of  heating. 
It  was  heated,  also,  a  little  below  the  middle,  by  an  en- 
circling charcoal  chaufler,  to  represent  the  point  of 
nearest  approach  to  the  boiling  -  point  in  the  geyser- 
tube.  When  this  apparatus  was  heated  at  the  two 
points,  as  shown  in  the  figure,  the  phenomena  of  geyser- 
eruption  were  completely  reproduced  :  first,  the  violent 
explosive  simmering,  then  the  overflow,  then  the  erup- 
tion, and  then  the  state  of  quiescence.  In  Bunsen's  ex- 
periment, the  eruptions  occurred  about  every  thirty 
minutes. 

Bunsen's  Theory  of  Geyser  -  Formation. — According 
to  Bunsen,  a  geyser  does  not  find  a  cave,  or  even  a  per- 
pendicular tube,  ready  made,  but,  like  volcanoes,  makes 
its  own  tube.  Fig.  94  is  an  ideal  section  of  a  geyser- 
mound,  showing  the  manner  in  which,  according  to  this 
view,  it  is  formed.  The  irregular  line,  b  a  c,  is  the 
original  surface,  and  a  the  position  of  a  hot  spring.  If 
the  spring  be  not  alkaline,  it  will  remain  an  ordinary 
hot  spring;  but,  if  it  be  alkaline,  it  will  hold  silica  in 
solution,  and  the  silica  will  be  deposited  about  the 
spring.  Thus  the  mound  and  tube  are  gradually  built 
up.  For  a  long  time  the  spring  Avill  not  be  eruptive,  n 
for  the  circulation  will  maintain  a  nearly  equal  tempera-  ** 
ture  in  every  part  of  the  tube — it  may  be  a  boiling,  but  o'eyeer'^^"^ 
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not  an  eruptive  spring.  But,  as  the  tube  becomes  longer,  and  the 
circulation  more  and  more  impeded,  tlie  difference  of  temperature 
between  the  upper  and  lower  parts  of  tlie  tube  becomes  greater  and 
greater,  until,  finally,  the  boiling-point  is  reached  below,  while  the 
water  above  is  comparatively  cool.  Then  the  eruption  commences. 
Finally,  from  tho  gradual  failure  of  the  subterranean  heat,  or  from  the 
increasing  length  of  the  tube  repressing  the  formation  of  steam,  tlie 
eruptions  gradually  cease.  Bunsen  found  geysers  in  different  stages  of 
development— some  playful  springs  without  tubes;  some  with  short 
tubes,  not  yet  eruptive ;  some 
with  long  tubes,  violently 
eruptive ;  some  becoming  old 
and  indisposed  to  erupt  unless 
angered  by  throwing  stones 
down  the  throat. 

It  is  evident,  however,  that 
Bunsen's  theory  of  geyser- 
eruption  is  independent  of 
his  theory  of  geyser- formation. 
A  tube  or  fissure  of  any  kind, 
and  formed  in  any  way,  if 
long  enough,  would  give  rise 
to  the  same  phenomena.  The  Yellowstone  geysers  have  mounds  or 
chimney-like  cones,  but  it  is  by  no  means  certain  that  the  whole  length 
of  their  eruptive  tubes  has  been  built  up  by  siliceous  deposit.  Bunsen's 
theory  of  eruption  none  the  less,  however,  applies  to  these  also. 

Section  3. — Earthquakes. 

Only  recently,  and  mainly  through  the  labors  of  Mr.  Mallet,*  of 
England,  our  knowledge  on  the  subject  of  earthquakes  has  commenced 
to  take  on  scientific  form.  This  slowness  of  advance  has  arisen  not 
from  any  want  of  materials,  but  from  the  great  complexity  of  the  phe- 
nomena, their  origin  deep  within  the  bowels  of  the  earth,  and  there- 
fore removed  from  observation,  and,  more  than  all,  from  the  surprise 
and  alarm  usually  produced  unfitting  the  mind  for  scientific  observa- 
tion. For  these  reasons,  until  thirty  or  forty  years  ago,  the  state  of 
knowledge  on  this  subject  was  much  the  same  as  it  was  2,000  years 
ago.  And  yet  now,  we  think,  our  knowledge  of  earthquakes  is  even 
more  advanced  than  that  of  volcanoes. 

Frequency. — Mallet,  in  his  earthquake  catalogue,  has  collected  the 
records  of  6,830  earthquakes  as  occurring  in  3,456  years  previous  to 
1850;  but,  of  that  number,  3,240,  or  nearly  one  half,  occurred  in  the 


Fio.  94.— Ideal  Section  of  a  GeyBer-Tube,  according  to 
Bunsen. 


*  Transactions  of  British  Aasoci.ition,  1850-1868;  also,  Principles  of  Seismology. 
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lust  fifty  years ;  not  because  earthquakes  were  more  numerous,  but  be- 
cause the  records  were  more  perfect.  According  to  the  more  complete 
catalogue  of  Alexis  Perrey,*  from  1843  to  1873,  inclusive,  there  were 
17,249,  or  575  per  annum.  In  Japan  alone  there  are,  on  an  average, 
two  shocks  per  day.f  Its  seems  probable,  therefore,  that,  considering 
the  fact  that  even  now  the  larger  number  of  earthquakes  are  not 
recorded,  occurring  in- mid-ocean  or  in  uncivilized  regions,  the  earth 
is  constantly  quahing  in  some  portion  of  its  surface. 

Connection  with  other  Forms  of  Igneous  Agency.— The  close  con- 
nection of  earthquakes  with  volcanoes  is  undoubted :  1.  Volcanic 
eruptions,  especially  those  of  the  explosive  type,  are  always  preceded 
and  accompanied  by  earthquakes.  2.  Earthquake-shocks  which  have 
continued  to  trouble  a  particular  region  for  a  long  time,  often  suddenly 
cease  when  an  outburst  takes  place  in  a  neighboring  volcano,  showing 
that  the  latter  are  safety-vents  for  the  interior  forces  which  produce 
earthquakes.  Also,  the  sudden  cessation  of  accustomed  volcanic 
activity  will  often  bring  on  earthquakes.  Thus,  when  the  wreath  of 
smoke  disappears  from  Cotopaxi,  the  inhabitants  of  Quito  expect 
earthquakes.  During  the  great  Calabrian  earthquakes  of  1783, 
Stromboli,  for  the  first  time  in  the  memory  of  man,  ceased  erupting. 
The  great  earthquake  which  destroyed  Eiobamba  in  1797,  and  in 
which  40,000  persons  perished,  took  place  immediately  after  the  stop- 
ping of  activity  in  a  neighboring  volcano.  The  earthquake-shocks 
which  destroyed  Caracas  in  1812  ceased  as  soon  a^  St.  Vincent,  500 
miles  distant,  commenced  erupting.  3.  Examination  of  Prof.  Mallet's 
earthquake-map  shows  that  the  distribution  of  earthquake- centers  is 
much  the  same  as  that  of  volcanoes  already  given  (page  90).  It  may 
be  regarded  as  almost  certain,  therefore,  that  the  forces  which  generate 
earthquakes  are  closely  allied,  if  not  identical,  with  those  which  pro- 
duce volcanic  eruptions. 

Again,  the  connection  of  earthquakes  with  bodily  movements  of  great 
areas  of  the  earth's  crust,  by  elevation  or  depression,  is  equally  close. 
In  1835,  after  a  great  earthquake,  which  shook  the  coast  of  South 
America  over  an  area  of  600,000  squai'e  miles,  the  whole  coast-line  of 
Chili -and  Patagonia  was  found  elevated  from  two  to  ten  feet  above 
sea-level.  Again,  in  1822,  after  a  similar  earthquake  in  the  same 
region,  the  coast-line  was  found  elevated  from  two  to  seven  feet. 
Now,  in  this  very  region,  old  beach-marks,  100  feet  to  1,300  feet  above 
the  sea-level,  and  extending  1,200  miles  along  the  coast  on  each  side  of 
the  southern  end  of  this  continent,  plainly  show  that,  in  very  recent 


*  American  Journal  of  Science,  vol.  xi,  p.  233,  1876. 

f  Transactions  of  the  Seismological  Society  of  .Tapiin,  vol.  vi.  Part  II,  p.  79.  Nature, 
vol.  xi,  p.  657,  1889.    Later  observations  make  it  three  to  four  per  day  (Milne). 
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geological  times,  the  whole  southern  end  of  South  America  has  been 
bodily  raised  out  of  the  sea  to  that  extent.  It  is  impossible  to  doubt 
that  the  force  which  produced  this  continental  elevation  was  also  the 
cause  of  the  accompanying  earthquakes.  Again,  in  1819,  after  a 
severe  earthquake,  which  shook  the  whole  region  about  the  mouth  of 
the  Indus,  a  large  tract  of  land  of  3,000  square  miles  was  sunk  and 
became  a  salt  lagoon ;  while  another  area,  fifty  miles  long  and  ten  to 
sixteen  miles  wide,  was  elevated  ten  feet.  In  commemoration  of  this 
wonderful  event,  the  raised  portion  was  called  Ullah  Bund,  or  the 
^[ound  of  God.  Again,  in  1811,  a  severe  earthquake  shook  the  valley 
of  the  Mississippi.  In  the  region  about  the  mouth  of  the  Ohio,  where 
it  was  severest,  large  tracts  of  land  were  sunk  bodily  several  feet  below 
their  former  level,  and  have  been  covered  with  water  ever  since.  It  is 
now  called  the  ^'^  Sunk  Country.''''  The  Inyo  earthquake  of  1872  was 
accompanied  by  a  fissure  of  forty  miles  in  length  and  a  slip  or  fault  of 
twenty-five  feet.*  In  the  Sonora  earthquake  of  1887  there  was  a 
fissure  for  a  hundred  miles  and  a  vertical  slip  of  eight  feet.f  In  the 
Japan  earthquake  of  1891,  there  was  a  fissure  seventy  miles  long  and  a 
slip  of  twenty  feet. J  We  might  multiply  examples  if  necessary. 
Nearly  all  earthquakes,  if  carefully  studied,  have  shown  such  fissures 
and  slips.  Fissures  and  faults,  formed  in  previous  geological  times,  are 
found  intersecting  the  earth  in  all  directions.  We  see  them,  in  these 
cases,  formed  under  our  eyes,  and  in  connection  with  earthquakes. 

Ultimate  Cause  of  Earthquakes. — The  connection  of  earthquakes, 
with  the  two  other  forms  of  igneous  agency  suggests  each  a  possible 
cause.  Preceding  and  accompanying  volcanic  eruptions,  especially  of 
the  explosive  type,  occur  subterranean  explosions,  which  are  often 
heard  hundreds  of  miles.  Such  erujDtions  are  also  accompanied  with 
escape  of  immense  quantities  of  steam  and  gas.  These  facts,  together 
with  the  association  of  earthquakes  with  volcanoes,  have  suggested  the 
idea  that  the  sudden  formation  or  the  sudden  collapse  of  vapor  is  the 
cause  of  earthquakes.  According  to  this  view,  an  earthquake  is,  on  a 
grand  scale,  a  phenomenon  similar  to  the  jar  produced  by  the  ex- 
plosion of  a  keg  of  gunpowder  buried  in  the  earth. 

But  the  association  of  earthquakes  with  bodily  movements  of  the 
earth's  crust  over  large  areas,  suggests  another  and  far  more  probable 
cause.  It  is  well  known  that  there  are  operating,  in  the  interior  of 
the  earth,  forces  tending  to  elevate  or  depress  or  to  crush  together 
laterally  the  earth's  crust.  We  shall  discuss  the  nature  of  these  forces 
hereafter.    Suffice  it  to  say  now  that  in  this  way  mountain-ranges  are 


*  Gilbert,  Nat.,  vol.  xxix,  p.  45,  1883. 

f  Science,  vol.  x,  p.  81,  1887. 

X  Koto,  Gcolosical  Mag.,  vol.  i,  p.  1-14,  1891. 
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formed  and  continents  elevated.  One  effect  of  these  forces  is  to  break 
the  eartli's  crust  into  great  blocl<s  many  miles  in  length  and  breadth 
and  several  miles  in  thickness.  These  blocks  do  not  remain  in  their 
original  position,  but  are  always  slipped  one  on  another,  producing 
displacement  often  thousands  of  feet.  Such  great  crust-blocks  sepa- 
rated by  profound  fissures,  and  slipped  one  on  another,  are  found 
everywhere.  They  are,  in  fact,  among  the  commonest  of  geological  oc- 
currences. They  will  be  described  in  Part  II.  Some  of  these  fissures 
are  doubtless  now  forming ;  many  of  them  are  still  slipping.  Suppose, 
then,  a  subterranean  force,  tending  to  elevate  a  portion  of  the  earth's 
crust,  and  gradually  increasing  but  resisted  by  the  rigidity  of  the  crust. 
It  is  evident  that  the  time  would  finally  come  when  the  crust  would 
break,  by  a  fracture  extending  perhaps  hundreds  of  miles  in  lengtii 
and  through  several  miles  in  depth  of  solid  rock.  Such  a  fracture 
would  certainly  cause  an  earth-jar  great  enough  to  produce  all  the 
dreadful  effects  of  an  earthquake.  But,  again,  the  enormous  crust- 
blocks  thus  formed  would  inevitably  from  time  to  time  settle,  or  read- 
just themselves  to  new  positions.  Every  such  readjustment  would  also 
produce  an  earthquake.  We  conclude,  therefore,  that  by  far  the  most 
common  cause  of  earthquakes  is  either  the  formation  of  a  great  fissure 
or  else  the  readjustment  of  the  zoalls  of  such  a  fissure.  Even  in  the 
case  of  the  tremors  accompanying  volcanic  eruptions,  it  is  probable 
that  their  true  cause  is  the  fracturing  of  the  mountain  by  the  erup- 
tive forces  and  the  readjustment  of  the  broken  parts. 

Proximate  Cause. — But  whatever  be  our  view  of  the  ultimate  cause 
of  earthquakes,  there  can  be  no  doubt  that  the  2}roxi7jiate  or  immediate 
cause  of  the  observed  effects  is  the  arrival  of  an  earth-jar — the  emer- 
gence, on  the  earth-surface,  of  a  succession  of  elastic  earth- waves, 
produced  by  a  violent  concussion  of  some  kind  in  the  interior.  Evi- 
dently, therefore,  the  discussion  of  earthquake-phenomena  is  nothing 
more  than  the  discussion  of  the  laws  of  propagation  and  the  effects 
of  elastic  earth-waves  occurring  under  peculiar  and  very  complex  con- 
ditions. 

Application  to  Earthquakes.— Suppose,  then,  a  concussion  of  any 
kind  to  occur  at  a  considerable  depth  (x,  Fig.  95),  say  ten  or  twenty 
miles,  beneath  the  earth- surface,  S  S.  Taking,  for  simplicity  sake, 
the  origin  as  a  point,  a  series  of  elastic  spherical  waves,  similar  to 
sound-waves,  will  be  generated,  consisting  of  alternate  compressed  and 
rarefied  shells,  the  whole  expanding  with  great  rapidity  in  all  directions 
until  they  reach  the  surface  at  a.  From  this  point  of  first  emergence 
immediately  above  the  focus  x,  the  still-enlarging  spherical  shells 
would  outcrop  in  rapidly-expanding  circular  waves,  b"  b",  c"  c" ,  d"  d" 
(Fig.  95),  similar  in  form  to  water-waves,  but  very  different  in  char- 
acter.   This  we  will  call  the  surface-wave.    The  circles  here  drawn 
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would  equally  represent  a  series  of  waves,  or  the  same  wave  in  succes- 
sive degrees  of  eulargenaont. 

This  surface-iuave  would  not  be  a  normal  wave  propagating  itself 
like  a  water-wave.  It  would  be  only  the  outcropping  or  emergence  of 
the  ever-widening  spherical  wave  on  tlie  earth-surface.  Both  its 
velocity  of  transit  along  the  surface,  and  the  direction  of  its  vibration 
in  relation  to  the  surface,  will  vary  continually  according  to  a  simple 
hiw.  The  direction  of  vibration,  being  along  the  radii  x  a,  x  b,  x  c, 
etc.,  will  be  perpendicular  to  the  surface  at  a,  and  become  more  in- 
clined until  it  finally  becomes  parallel  with  the  surface  at  an  infinite 
distance.  The  velocity  of  its  transit  will  be  infinite  at  «,  and  then 
gradually  decrease  until,  if  we  regard  the  surface  as  a  plane  surface,  at 
an  infinite  distance  it  reaches  its  limit,  which  is  the  velocity  of  the 
spherical  wave.  Between  these  two  exti'emes  of  infinity  at  a,  and  the 
velocity  of  the  spherical  wave  at  infinite  distance,  the  velocity  of  the 
surface-wave  varies  inversely  as  the  cosine,  or  directly  as  the  secant,  of 
the  angle  of  emergence  x  b  a,x  c  a,  etc. 


Fio.  95.— Section  and  Perspective  View  of  a  Portion  of  the  Earth's  Crust  shaken  by  an  Earthquake, 
ehowina;  the  origin,  x,  sections  of  the  spherical  waves,  a,  b,  c,  d,  etc.,  and  perspective  of  surfuce- 
wuve,  b",  c",  d",  etc. 


For,  it  aa,bb,cc,d  d,  etc.  (Fig.  95),  be  successive  positions  of  the 
spherical  wave,  then  the  radii  xa,xb,xc,  would  be  the  direction  both  of 
propagation  and  of  vibration.  Now,  when  the  wave-front  is  at  b, 
while  the  spherical  wave  moves  from  b'  to  c,  the  surface-wave  would 
move  from  ^  to  c ;  when  the  spherical  wave  moves  from  c'  to  d,  the 
surface-wave  moves  from  c  to  d,  etc.  If,  therefore,  b  c,  c  d,  etc.,  be 
taken  very  small,  so  that  b  b'  c,  c  c' d,  may  be  considered  right-angled 
triangles,  then  in  every  position  the  surface-wave  moves  along  the 
hypotenuse,  while  the  spherical  wave  moves  along  the  base  of  the 
small  triangles  bb'  c,c  c' d,  etc.  Letting  v  =  velocity  of  the  spherical 
wave,  and  v'  that  of  the  surface- wave,  and  E  the  angle  of  emergence 
{x  b  a,  x  c  a,  etc.,  Fig.  95),  we  have  the  proportion— w  :  v' :  :  1  -.sec.  E, 
and  v'  =  V.  sec.  E,  or  if  v  is  constant  v'  <x  sec.  E.  Therefore,  at  a,  the 
point  of  first  emergence,  E  being  a  right  angle  and  sec.  E=  infinity, 
V  =infinity.    At  an  infinite  distance  from  a  the  angle  E  becomes  0, 
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and  the  secant  =  1,  and  //  =  v.  1  =:  v.  That  is,  at  the  point  of  first 
emergence  the  velocity  of  the  surface-wave  is  infinite;  from  this  point 


Fig.  96. 


it  decreases  as  tlie  secant  of  the  angle  of  emergence  decreases,  until 
finally  at  an  infinite  distance  it  becomes  equal  to  the  velocity  of  the 
spherical  wave. 

On  a  spherical  surface  (Fig.  96)  it  is  evident  that  E  never  becomes 
0,  and  therefore  v'  never  reaches  the  limit  v.  If  we  conceived  the 
wave  to  pass  through  the  whole  earth  (Fig.  97),  then  the  velocity  of 
the  surface- wave  would  decrease  to  a  certain  point  where  ^  is  a  mini- 
mum, say  about  c,  and  then  would  again  increase  to  infinity  on  the 
other  side  of  the  earth,  p,  where  B  becomes  again  a  right  angle.  If  z 
be  near  the  surface,  v'  would  become  nearly  equal  to  v  at  some  point 
of  its  course ;  but  as  x  approaches  the  center,  0,  the  limit  of  v'  would 
be  greater  and  greater,  until,  if  x  is  at  the  center,  v'  would  become  in- 
finite everywhere ;  i.  e.,  a  shock  at  the  center  would  reach  the  surface 
everywhere  at  the  same  moment.  We  are  indebted  to  Hopkins  for 
this  discussion  of  the  relation  of  the  velocity  of  the  surface-wave  to 
that  of  the  spherical  wave.  It  may  therefore  be  called  Hopkins 
laiv. 

We  have  thus  far  taken  the  earth  as  homogeneous  and  of  equal 
elasticity  at  all  depths.    But  the  earth  certainly  increases  in  density 

(p.  87),  and  therefore  in  elasticity  as  we  ap- 
proach the  center.  This  fact  would  seriously 
affect  the  form  of  the  earth-wave  and,  in  a 
remarkable  way,  the  velocity  of  its  outcrop  on 
the  surface — i.  e.,  the  surface-wave.  This  has 
been  worked  out  in  a  masterly  way  by  Schmidt.* 
If,  as  before,  s  s  (Fig.  98),  represent  the  sur- 
face of  the  earth  and  x  the  centrum  of  the 
earthquake,  then  the  earth-wave  would  come 
from  X  to  the  epicentrum,  a,  without  devia- 
tion, but  with  decreasing  velocit}^  as  shown 
by  the  decreasing  spaces  between  the  co-seis- 
mals.  In  all  other  directions,  however,  the  waves  would  be  refracted 
by  passing  from  a  denser  to  a  rarer  medium.  The  form  of  the  wave, 
therefore,  would  not  be  perfectly  spherical,  but  ellipsoidal,  with  the 


*  Nature,  vol.  ii,  p.  631,  1896. 
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centrum  in  one  focus  of  the  ellipsoid.  The  radii — always  normal  to 
the  wave-front  — would  be  curved,  with  the  concavity  upward.  Under 
these  conditions  it  is  evident  that,  as  before,  the  velocity  of  the  surface- 
wave  would  be  infinite  at  the  epicentrum,  a,  then  decrease  as  before, 
but  by  a  different  law  and  more  rapidly,  would  reach  a  minimum  Avhich 
would  be  equal  to  the  velocity  at  the  centrum,  and  thenceforward  again 
increase  to  infinity  at  infinite  distance.  This  is  shown  by  the  gradual 
approach  of  the  radii  to  a  position  normal  to  the  earth-surface.  This 
may  be  called  "  Schmidfs  law."  It  undoubtedly  explains  many  other- 
wise inexplicable  phenomena  of  varying  velocity  of  earthquake-waves 
as  will  be  shown  in  the  proper  place. 


Pig.  98.— Diagram  illustrating  Schmidfs  Law. 


Experimental  Determination  of  the  Velocity  of  the  Spherical  Wave. 

—On  the  supposition  that  earthquakes  are  really  produced  by  the 
emergence  on  the  surface  of  a  series  of  elastic  earth-waves.  Mallet 
undertook  to  determine  experimentally  the  velocity  of  such  waves. 
Two  stations  were  taken  about  a  mile  or  more  apart,  and  connected  by 
telegraphic  apparatus ;  a  keg  of  gunpowder  was  buried  at  one,  and  at 
the  other  was  placed  an  observatory,  in  which  was  a  clock,  a  mercury 
mirror,  and  a  light,  the  image  of  which  reflected  from  tlie  mercury 
mirror,  was  thrown  on  a  screen.    The  slightest  tremor  communicated 
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to  the  mercury  surface  of  course  caused  the  image  to  dance.  The 
moment  of  explosion  was  telegraphed  ;  the  moment  of  arrival  of  the 
earth-tremor  was  observed.  The  difference  gave  the  time  of  transit ; 
the  distance,  divided  by  the  time,  gave  the  velocity  per  second.  In 
this  manner  Mallet  found  the  velocity  in  sand  825  feet  per  second,  or 
nearly  nine  and  one  half  miles  per  minute ;  in  slate  1,225  feet  per 
second,  or  fourteen  miles  per  minute ;  and  in  granite  1,065  feet  per 
second,  or  nineteen  miles  per  minute.  As  an  earthquake-focus  is 
always  several  miles  beneath  the  surface,  and  as  rocks  at  that  depth 
are  probably  as  hard  as  granite,  nineteen  miles  per  minute  may  be 
taken  as  the  average  velocity  of  earth-waves  as  determined  by  these  ex- 
periments. It  agrees  well  with  the  observed  velocity  of  many  earth- 
quakes.* 

This  result  was  unexpected,  considering  the  law  that  all  elastic 
waves  in  the  same  medium  run  with  the  same  velocity,  for  the  velocity 
of  sound  in  granite  or  slate  is  probably  not  less  than  10,000  or  12,000 
feet  per  second.  The  explanation  is  to  be  found  in  the  very  imperfect 
coherence  and  elasticity  of  rocks.  The  medium  is  broken  by  the  pas- 
sage of  large  and  high  waves  of  the  explosion,  but  carries  successfully 
the  small  waves  of  sound. 

More  recent  experiments  have  given  much  higher  velocities.  In  a 
series  of  very  careful  experiments  Fouque  found  in  sand  a  velocity  of 
984  feet,  in  carboniferous  sandstone  about  7,400  feet,  and  in  granite 
about  9,200  feet  per  second. f  The  explosion  at  Hallett's  Point  gave 
5,000  to  8,000  feet  per  second,  and  that  of  Flood  Rock,  4,500  to 
20,000  feet  per  second  (Abbot).  These  agree  well  with  the  observed 
velocity  of  some  earthquakes.  It  should  be  remembered  that  all  these 
experiments  give  only  the  velocity  of  the  spherical  w^ave,  because  on 
account  of  the  very  small  depth  of  the  focus  the  velocity  of  the  spheri- 
cal and  surface  waves  are  practically  identical. 

Gharactet  of  the  Earth-Wave. — For  the  sake  of  simplicity  we  have 
thus  far  spoken  of  the  earth-wave  as  a  simple  spherical  wave  of  longi- 
tudinal vibration  like  a  sound-wave,  but  the  seismograph  shows  that 
there  are  transverse  as  well  as  longitudinal  vibrations.  Thus,  the 
earth-movement  is  very  complex  and  produced  by  the  superposition  of 
several  waves  of  different  kinds.  But  the  wave  which  we  have  been 
discussing  is  the  dominant  one  and  the  one  whose  origin  is  most  easily 
understood,  and  may  therefore  be  called  the  normal  wave.  Fig.  99  is 
a  wire  model  representing  the  actual  motion  of  a  point  during  an 
earthquake.  It  was  made  by  combining  the  records  of  the  three 
pendulums  of  Evving's  seismograph  (Fig.  109). 


*  Mallet,  Second  Report,  Transactions  of  the  British  Association,  1851. 
\  Revue  Scientiliquo,  vol.  xli,  pp.  97,  ICl,  1888. 
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Explanation  of  Earthquake-Phenomena.— Earthquakes  have  been 
divided  iuto  three  Iciuds,  viz.,  the  explosive,  the  hurizonlally  progres- 
sive, and  the  vorticose.  The  first  kind  is  described  by  Humboldt  as 
a  violent  motion  directly  upward,  by  which  the  earth-crust  is  broken 


Fig.  99.— Model  showing  the  Path  of  a  Particle  during  an  Earthquake  (after  Sekiya). 


up,  and  bodies  on  the  surface  are  thrown  high  in  the  air.  The  shock 
is  extremely  violent,  but  does  not  extend  very  far.  In  the  second,  the 
shock  spreads  on  the  surface  like  the  waves  on  water  to  a  great  dis- 
tance. In  the  third  there  is  a  whirling  motion  of  the  earth  entirely 
different  from  ordinary  wave-motion.  These  three  kinds  are  some- 
times supposed  to  be  essentially  distinct,  and  possibly  produced  by 
different  causes :  but  we  will  attempt  to  show  that  the  difference  is 
wholly  due  to  the  different  conditions  under  which  the  waves  emerge 
on  the  surface.  The  three  kinds  are,  in  fact,  often  united  in  the  same 
earthquake. 

The  most  remarkable  example  of  explosive  earthquake  is  that 
which  destroyed  Riobamba  in  1797.  In  this  dreadful  earthquake  the 
shock  came  suddenly,  like  the  explosion  of  a  mine.  Not  only  was  the 
earth  broken  up  and  rent  in  various  places,  but  objects  lying  on  the 
surface  of  the  earth  were  thrown  violently  upward  ;  bodies  of  men 
were  hurled  several  hundred  feet  in  the  air,  and  afterward  were  found 
across  a  river  and  on  the  top  of  a  hill.  In  earthquakes  of  this  kind 
— 1.  The  impulse  is  very  powerful  and  sudden,  so  as  to  make  a  high 
but  not  a  long  wave,  or,  in  other  words,  the  velocity  of  vibration  or  of 
the  shock  is  very  great;  and,  2.  The  focus  is  not  deep,  so  that  the 
velocity  of  the  shock-motion  does  not  become  small  before  it  reaches 
the  surface.  At  Riobamba  the  velocity  of  the  shock-motion  was  still 
very  great  when  the  wave  reached  the  surface.  From  the  distance 
bodies  were  thrown.  Mallet  supposes  the  velocity  of  the  shock-motion 
could  not  have  been  less  than  eighty  feet  per  second  (Jukes). 
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The  horizontally  pror/ressive  kind  may  be  regarded  as  the  true 
type  of  uu  earthquake  ;  it  is  in  fact  the  spreading  surface-wave  already 
explained.  If  the  elasticity  of  the  earth,  and  therefore  the  velocity  of 
the  waves,  is  the  same  in  all  directions,  the  surface-wave  will  spread  in 
concentric  ctr6'/es  ;  but  if  the  elasticity,  and  therefore  the  velocity  of 
the  waves,  be  greater  in  one  direction  than  in  another,  as,  for  example, 
north  and  south  than  east  and  west,  or  the  converse,  then  the  form  of 
the  outcrop  will  be  elliptical.  In  some  rare  cases  the  shock  seems  to 
run  along  a  line.  Thus  progressive  earthquakes  have  been  subdivided 
into  circular,  elliptical,  and  linear  progressive.  We  have  already  given 
the  simple  explanation  of  the  first  two ;  the  last  may  be  briefly  ex- 
plained as  follows : 

Let  it  be  borne  in  mind  :  1.  That  these  linear  earthquakes  usually 
run  along  mountain-chains ;  2.  That  most  great  mountain-chains  con- 
sist of  a  granite  axis  (appeai-ing  along  the  crest  and  evidently  con- 
nected beneath  with  the  great  interior  rocky  mass  of  the  earth),  flanked 
on  each  side  with  stratified  rocks  consisting  of  many  different  kinds ; 
3.  When  elastic  waves  pass  from  one  medium  to  another  of  different 
elasticity,  in  all  cases  a  part  of  the  wave  passes  through,  but  a  part  is 
always  reflected.  For  every  such  change — for  every  layer — a  reflection 
occurs ;  and,  therefore,  if  there  are  many  such  layers,  the  waves  are 
quickly  quenched.    If,  now.  Fig.  100  represent  a  transverse  section 


Fio.  100. — Diagram  illustrating  Linear  Kartbquakos.  Fia.  101. 


across  such  a  mountain,  and  JT  the  focus  of  an  earthquake,  it  is 
evident  that  the  portion  of  the  enlarging  spherical  wave  which 
emerged  along  the  axis  a  would  reach  the  surface  successfully ;  while 
those  portions  which  struck  against  the  strata  of  the  flanks  would  be 
partially  or  wholly  quenched.  The  mode  of  outcrop  on  the  surface  is 
shown  in  the  map-view.  Fig.  101,  in  which  a  is  the  epicentrum,  5  i  the 
granite  axis,  and  c  c  the  stratified  flanks.  It  must  be  remembered  also 
that  the  origin  of  most  earthquakes  is  by  the  formation  or  the  read- 
justment of  a  fissure.  In  such  a  case  the  shock  will  be  simultaneous 
and  severe  all  along  the  fissure.  It  is  probable  that  many  so-called 
linear  earthquakes  are  thus  accounted  for. 
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The  velocity  of  the  surface-waves,  as  observed  in  some  severe  earth- 
quakes, is  about  twenty  miles  i^er  minute.  This  accords  well  with 
Mallet's  experiments  in  granite.  In  some  earthquakes  the  velocity  has 
been  found  to  be  twelve  to  fifteen  miles  (Mallet's  results  in  slate),  and 
in  some  as  high  as  thirty  to  thirty-five  miles  per  minute.  In  the 
Charleston  earthquake  of  August,  1880,  the  velocity  of  one  hundred  to 
one  hundred  and  twenty  miles  per  minute  was  observed.  This  agrees 
with  the  result  of  Fouque  in  granite.  In  some  slight  shocks,  the 
velocity,  as  determined  by  telegraph,  is  estimated  as  bigh  as  one  hun- 
dred and  forty  miles  per  minute,  or  12,000  feet  per  second. 

This  amazing  difference  is  doubtless  partly  due  to  inaccuracy  of 
observation,  but  it  may  also  be  partly  explained  thus  :  It  will  be  re- 
membered that  by  Hopkins's  law  the  velocity  of  the  surface-wave  is 
infinite  at  the  epicentrum,  and  diminishes,  according  to  a  law  already 
discussed,  until  it  reaches,  or  nearly  reaches,  the  velocity  of  the 
spherical  wave.  Now,  if  the  earthquake-focus  be  comparatively  shal- 
low, the  initial  velocity  of  the  surface-wave  very  rapidly  approaches  its 
minimum,  and  therefore  the  observed  velocity  of  the  surface-wave  may 
be  taken  as  nearly  the  same  as  that  of  the  spherical  wave ;  but,  if  the 
earthquake  be  very  deep,  the  diminution,  even  on  a  plane  surface,  is 
far  less  rapid ;  and  when  we  take  into  consideration  the  curvature  of 
the  earth-surface,  it  is  evident  that  the  velocity  of  the  surface-wave 
may  be  for  all  distances  much  greater  than  that  of  the  spherical  wave. 
This  would  well  account  for  velocities  of  thirty  to  thirty-five  miles, 
but  not  for  velocities  of  one  hundred  or  one  hundred  and  forty  miles. 
This  latter  is  accounted  for  by  another  principle. 

These  very  high  velocities  occur  mostly  in  slight  shocks.  Now, 
while  heavy  shocks  (large  and  high  waves)  break  the  medium  at  every 
step  of  their  passage,  and  are  therefore  retarded,  as  already  explained, 
slight  tremors  (small  and  low  waves)  are  successfully  transmitted 
without  rupture,  and  therefore  run  with  the  natural  velocity  belonging 
to  the  medium,  i.  e.,  the  velocity  of  sound.  Now,  the  velocity  of  sound 
in  granite  is  probably  about  13,000  feet  per  second,  or  one  hundred 
and  forty  miles  per  minute.  In  the  Charleston  earthquake,  however, 
though  a  severe  one,  the  waves  seem  to  have  been  transmitted  with 
nearly  the  normal  velocity  belonging  to  the  medium.  The  more 
recent  and  accurate  determinations  of  Prof.  Milne  make  the  average 
velocity  of  an  earthquake  wave  about  two  miles  per  second  and  of 
tremors  about  three  miles  per  second.* 

Finally,  to  all  these  causes  of  high  velocity  must  be  added 
Schmidt's  principle  of  rapid  decrease  of  the  velocity  of  the  surface- 
wave  to  a  minimum  and  then  increase  again  to  infinity.   This  accounts 


*  Rep.  to  Brit.  Assoc.,  1895. 
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for  tlie  higli  velocity  of  slight  tremors;  for  these  occur  at  great  dis- 
tance from  the  epicentrum. 

Vorticose  Earthquakes. — In  these  cases  the  ground  is  twisted  or 
whirled  round  and  back,  or  sometimes  ruptured  and  left  in  a  twisted 
condition.  The  most  conspicuous  examples  of  this  kind  of  motion 
occurred  in  the  earthquake  of  lliobamba  and  in  the  great  Cala- 
brian  earthquake  of  1783.  In  this  latter  earthquake  the  blocks  of 
Htone  formimj  ohelisks  were  hoisted  one  on  another ;  the  earth  was 
broken  and  twisted,  so  that  straight  roios  of  trees  toere  left  in  inter- 
ricpted  zigzags.  Phenomena  similar  to  some  of  these  were  observed 
also  in  the  California  earthquake  of  1868.  Chimney-tops  were  sep- 
arated at  their  junction  with  roofs,  and  twisted  around  without  over- 
throw ;  wardrobes  and  bureaus  turned  about  at  right  angles  to  the 
wall,  or  even  with  their  faces  to  the  wall. 

Explanation. — Some  of  these  effects — such  as  twisting  of  obelisks 
and  chimney- tops,  and  turning  about  of  bureaus,  etc. — may  be  ex- 
plained, as  Lyell  has  shown,  without  any  twisting  motion  of  the  earth 
at  all,  or  any  other  than  the  backward-and-forward  motion  common  to 
all  earthquakes.  Thus,  if  we  place  one  brick  on  another,  and  shake 
them  back  and  forth,  holding  only  the  lower  one,  they  are  almost  cer- 
tain to  be  left  twisted  one  on  the  other.  The  reason  is,  that  the 
adhesion  is  almost  certain  to  be  greater  toward  one  end  than  the  other 
— the  center  of  friction  does  not  coincide  with  the  center  of  gravity. 
This  is  the  probable  explanation  of  twisted  obelisks  and  chimney-tops, 
etc.  Also,  the  simple  back-and-forth  shaking  of  a  wardrobe  in  a 
diagonal  direction,  would  almost  certainly  lift  up  one  end  and  swing  it 
around.  The  vorticose  motion  in  such  cases  is  probably  not  real,  but 
only  apparent. 

But  there  are  other  cases  of  undoubtedly  real  vorticose  motion  ;  as, 
for  example,  straight  rows  of  trees  changed  into  interrupted  zigzags 
by  fissures  and  displacement.  All  such  cases  of  real  twisting  are 
probably  explicable  on  the  principle  of  co7icurrence  and  interference  of 
ivaves.  If  two  systems  of  waves  of  any  kind  meet  each  other,  there 
will  be  points  of  concurrence  where  they  re-enforce  each  other,  and 
points  of  interference  where  they  destroy  each  other.  Suppose,  for  in- 
stance, a  system  of  water-waves,  represented  by  the  double  lines  j',  i 
(Fig.  103),  running  in  the  direction  Si,  strike  against  a  wall,  w  w  : 
the  waves  would  be  reflected  in  the  direction  c  c,  and  are  represented 
by  the  single  lines  r,  r.  Then,  if  the  lines  represent  crests,  and  the 
intervening  space  the  troughs,  at  the  places  marked  with  crosses  and 
dots  there  would  be  concurrence,  and  therefore  higher  crests  and 
deeper  troughs,  while  at  the  points  indicated  by  a  dash  there  would  be 
interference  and  mutual  destruction,  and  therefore  smooth  water. 
The  same  takes  place  in  earth-waves.    If  two  systems  of  earth-waves 
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meet  and  cross  each  other,  we  must  have  points  of  concurrence  and 
interference  in  close  proximity.  The  ground,  therefore,  will  be  thrown 
into  violent  agitation — points  in  close  proximity  moving  in  opposite 


Fig.  102. — Diagram  illustrating  Reflection  of  Waves — Map  View. 

directions  (twisting).  If  the  motion  be  sufficient  to  rupture  the 
earth,  restoration  is  not  made  by  coiinter-twistiny,  and  the  earth  is  left 
in  a  displaced  condition. 

The  causes  of  interference  may  be  various — sometimes  by  the  nor- 
mal and  transverse  waves  combining  differently  so  as  to  produce 
motion  in  different  directions  in  contiguous  places ;  sometimes  by 
difference  of  velocity  of  waves,  already  explained,  by  which  some 
overrun  others,  concur- 
ring and  interfering; 
more  often  it  is  the  re- 
sult of  reflection  from 
surfaces  of  different 
elasticity.  For  exam- 
ple, it  is  w.ell  known 
that  the  most  violent 
effects  of  earthquakes, 
especially  twisting  of 
the  ground,  usually  occur  near  the  junction  of  the  softer  strata  of  the 
plains  with  the  liarder  and  more  elastic  strata  of  the  mountains.  Now, 
suppose  fi-om  a  shock  at  X  (Fig.  103)  a  system  of  earth-waves  should 
emerge  at  a,  and  run  as  a  surface-wave  toward  the  mountain  m.  The 
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waves,  striking  the  hard,  elastic  material  w,  would  be  partly  trans- 
mitted and  partly  reflected.  The  reflected  waves  running  in  the  direc- 
tion of  the  arrow  r,  would  meet  the  advancing  incident  waves  moving 
in  the  direction  of  the  arrow  i,  and  concurrence  and  interference 
would  be  inevitable.* 

Minor  Phenomena.— Not  only  the  several  kinds  of  earthquakes,  but 
many  of  the  minor  phenomena  are  explained  by  the  wave-theory. 

1.  Sounds. — These  are  usually  described  as  a  hollow  rumUiJig,  roll- 
ing, or  grinding  ;  sometimes  as  clashing,  thundering,  or  cannonading. 
They  are  probably  produced  by  rupture  of  the  earth  at  the  origiyi,  and 
by  the  passage  of  the  wave  through  the  imperfectly  elastic  rocky 
medium  breaking  the  medium,  and  grinding  the  broken  parts  together. 
But  what  is  especially  noteworthy  is,  that  these  sounds  jsrecetZe  as  well 
as  accompany  the  shocks.  In  every  earthquake  there  are  transmitted 
waves  of  every  variety  of  size.  The  great  waves  are  sensible  as  shocks, 
or  jars,  or  tremors ;  the  very  small  waves,  too  small  to  be  appreciated 
as  tremors,  are  heard  as  sounds.  But,  as  already  explained,  these  last 
run  with  greater  velocity  in  an  imperfectly  coherent  medium  like  the 
earth,  and  therefore  arrive  sooner  than  the  great  waves,  which  consti- 
tute the  shock.    The  same  was  observed  in  Mallet's  experiments. 

2.  Motion. — As  to  direction,  the  observed  motion  is  sometimes 
vertically  iip  and  down,  sometimes  horizontally  back  and  forth,  and 
sometimes  oblique  to  the  horizon.  Almost  always  a  rocking  motion, 
i.  e.,  a  leaning  of  tall  objects  first  in  one  direction  and  then  in  the 
other,  is  observed.  As  to  violence  or  velocity  of  motion,  this  is  some- 
times so  great  that  objects  are  thrown  into  the  air,  and  whole  cities 
are  shaken  down  as  if  they  were  a  mere  collection  of  card-houses ; 
while  in  other  cases  only  a  slow  swinging,  or  heaving,  or  gentle  rock- 
ing, is  observed. 

If  we  confine  our  attention  to  the  principal  or  normal  wave,  the 
difference  in  direction  is  wholly  due  to  the  position  of  the  observer.  At 
the  epicentrum  it  is  of  course  vertical,  and  thence  it  becomes  more 
and  more  oblique,  until  at  great  distances  it  is  usually  horizontal. 
The  violence  of  the  shock  or  velocity  of  ground-motion  depends 
partly  upon  the  violence  of  the  original  concussion,  and  partly 
on  the  distance  from  the  origin  or  focus.  This  velocity  of  the 
ground-motion  must  not  be  confounded  with  the  velo.city  of  the 
wave  already  discussed.  The  latter  is  the  velocity  of  transit  from 
2)lace  to  place ;  the  former  is  the  velocity  of  oscillation  up  and  down, 
or  back  and  forth.    The  velocity  of  oscillation  has  no  relation  to  the 


*  For  an  excellent  discussion  of  the  effects  of  interference  of  earth-waves,  see  a 
memoir  by  Prof.  Jolin  Milne,  Transactions  of  the  Scismolojiical  Society  of  Japan,  vol.  i, 
Part  II,  p.  82. 
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velocity  of  transit,  but  depends  only  on  the  height  of  the  wave,  which 
constantly  diminishes  and  becomes  finally  very  small,  though  the 
velocity  of  transit  remains  the  same,  and  always  enormously  great. 
The  roching -motion  is  also  easily  explained.  A  series  of  waves,  some- 
what similar  in  form  to  water-waves  (though  differing  in  nature), 
actually  passes  beneath  the  observer.  Of  course,  when  an  object  is  on 
the  f  ront-slope,  it  will  lean  in  the  direction  of  transit ;  and  when  on 
the  hind-slope,  in  the  contrary  direction. 

3.  Circle  of  Principal  Destri^ction. — In  some  earthquakes  a  certain 
zone  at  considerable  distance  from  the  point  of  first  emergence  (epicen- 
trum)  has  been  observed,  within  which  the  destruction  by  overthrow  is 
very  great,  and  beyond  which  it  speedily  diminishes.  This  has  been 
called  the  circle  of  principal  destruction  or  overthrow.  It  is  thus  ex- 
plained :  The  overthrow  of  buildings  depends  not  so  much  on  the 
amount  of  oscillation  as  upon  the  horizontal  element  of  the  oscillation. 
Now,  the  whole  amount  of  oscillation  is  greatest  at  the  point  of  first 
emergence,  and  decreases  outward ;  but  the  horizontal  element  is 
nothing  at «,  and  increases  as  the  cosine  of  the  angle  of  emergence. 
Therefore,  under  the  influence  of  these  two  conditions,  one  decreasing 
the  whole  oscillation, 

the  other  increasing 
the  horizontal  element 
of  that  oscillation,  it  is 
evident  that  there  will 
be  a  point  on  every 
side,  or,  in  other  words, 
a  circle,  where  the  hori- 
zontal element  will  be 
a  maximum.  This  is 
shown  in  Fig.  104,  in 
which  a  a\  1  c  c', 
etc.,  are  the  decreasing  oscillation,  and  h  h",  c  c",  are  the  horizontal  ele- 
ment. This  reaches  a  maximum  at  c.  It  has  been  found  by  mathemati- 
cal calculation,  based  upon  the  supposition  that  the  whole  oscillation 
varies  inversely  as  the  square  of  the  distance  from  X,  that  the  hori- 
zontal element  will  be  a  maximum  when  the  angle  of  emergence  is  54° 
44'.  By  determining  by  observation  the  circle  of  principal  disturbance, 
it  is  easy  to  calculate  the  depth  a  X  of  the  focus,  for  it  will  be  the 
apex  of  a  cone  whose  base  is  that  circle,  and  whose  apical  angle  is  70° 
32'.* 

4.  Shocks  more  severely  felt  in  Mines. — It  has  been  sometimes  ob- 
served that  shocks  are  distinctlv  felt  in  mines  which  are  insensible  at 


Fig.  104. — Diagram  illustrating  Circle  of  Principal  Disturbance. 


*  Mallet's  Report  for  18C8,  p.  101. 
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FiQ.  105.— Shocks  in  Mines. 


the  surface.  -This  is  probably  explained  as  follows :  Let  S  S  (Fig.  105) 
be  the  surface  of  the  ground  :  and  let  a  b  represent  hard,  elastic  strata, 
covered  with  loose,  inelastic  materials,  c  c.    Now,  if  a  series  of  waves 

come  in  the  direction 
of  the  arrows  d  rf,  and, 
passing  through  a  b 
on  their  way  to  the 
surface,  strike  upon 
tlie  lower  surface  of 
c  c,  a  portion  would 
reach  the  surface  by 
refraction,  but  a  por- 
tion would  be  reflect- 
ed and  return  into  a  b,  concurring  and  interfering  with  the  advancing 
waves,  and  producing  great  commotion  in  these  strata. 

5.  Shocks  less  severe  in  Mines. — This  case  is  probably  more  com- 
mon than  the  last.  It  was  notably  the  case  in  the  earthquake  of  1872 
in  Inyo  County,  California.  While  the  surface  was  severely  shaken, 
many  houses  destroyed,  and  large  fissures  formed  in  the  earth,  the 
miners,  several  hundred  feet  below  the  surface  in  the  hard  rock, 
scarcely  felt  it  at  all.  This  is  probably,  at  least  partly,  explained  as 
follows :  As  long  as  the  wave  travels  within  the  earth,  motion  of  the 
particles  is  restrained  by  the  work  of  elastic  compression ;  but,  as  soon 
as  the  surface  is  reached,  the  motion  becomes  free,  and  the  velocity  of 
shock  is  far  greater  than  before,  often  so  great  as  to  throw  bodies  high 
in  the  air.  The  phenomenon  is  exactly  like  that  in  the  familiar  ex- 
periment of  the  ivory  balls :  when  the  first  in  the  series  is  struck,  an 
elastic  wave  of  compression  passes  through  all,  but  only  the  last  one 
moves. 

6.  Bridges. — In  a  manner  somewhat  similar  are  to  be  accounted 
for  the  phenomena  of  bridges.  In  the  earthquake  regions  of  South 
America  there  are 

certain  favored  spots, 
often  of  small  ex- 
tent, which  are  par- 
tially exempt  from 
the  shocks  which  in- 
fest the  surrounding 
country.  The  earth- 
quake-wave seems  to 

pass  under  them  as  under  a  bridge,  to  reappear  again  on  the  other 
side.  The  mere  inspection  of  Fig.  106  will  explain  the  probable  cause 
of  this  exemption,  viz. :  reflection  from  the  under  surface  of  an  isolated 
mass  of  soft,  inelastic  strata,  c  c. 
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7.  Fissures. — The  groimd-fissures,  so  commonly  produced  by  earth- 
quakes, are  sometimes  of  the  nature  of  the  great  fissures  of  the  crust, 
which  are  the  probable  cause  of  earthquakes.  Such  great  fissures  are 
usually  wholly  beneath  the  surface  at  great  depth,  but  sometimes  may 
break  through  and  appear  on  the  surface.  This  is  certainly  the  case 
when  decided  faults  occur  with  elevation  or  depression  of  large  tracts 
of  land.  But  the  surface-fissures  so  frequently  described,  small  in 
size,  very  numerous,  and  running  in  all  directions,  have  an  entirely 
different  origin.  They  are  evidently  produced  by  the  shattering  of  the 
softer,  more  incoherent,  and  inelastic  surface-soil,  and  by  the  passage 
of  the  earth-wave.  Even  the  more  elastic  underlying  rock  is  broken 
by  the  same  cause,  but  to  a  much  less  extent. 

Earthquakes  originating  beneath  the  Ocean. 

We  have  thus  far  spoken  of  earthquakes  originating  beneath  the 
land-surface.  But  three  fourths  of  the  earth-surface  is  covered  by  the 
sea ;  and  we  have  already  seen  that  other  forms  of  igneous  agency  are 
most  abundant  in  and  about  the  sea.  As  we  might  expect,  therefore,  the 
greater  number  of  earthquake-shocks  (eighty-four  per  cent)  occur  be- 
neath the  sea-bed.  It  is  worthy  of  remark  that  this  is  especially  true  of 
the  sea-bed  immediately  bordering  the  continents,  and  still  more  espe- 
cially if  the  slope  of  bottom  is  steep.  In  such,  the  phenomena  already 
described  are  often  complicated  by  the  addition  of  the  "  Great  Sea- 
Wave." 

Suppose,  then,  an  earthquake-shock  to  occur  beneath  the  sea-bed  ; 
the  following  waves  will  be  formed  :  1.  As  before,  a  series  of  elastic 
spherical  waves  will  spread  from  the  focus,  until  they  emerge  on  the 
sea-bed.  2.  As  before,  a  series  of  circular  surface-waves,  the  outcrop 
of  the  spherical  waves,  will  spread  on  the  sea-bottom  until  they  reach 
the  nearest  shore,  and  perhaps  produce  destructive  effects  there.  3. 
On  the  back  of  this  submarine  earth-wave  is  carried  a  corresponding 
sea-wave.  This  is  called  the  '■'■forced  sea-wave,"  since  it  is  not  a  free 
wave,  but  a  forced  accompaniment  of  the  ground-wave  beneath.  It 
reaches  the  shore  at  the  same  time  as  the  earth-wave.  It  is  of  little 
importance.  4.  In  addition  to  all  these  is  formed  the  great  sea-wave  ; 
or  tidal  luave,  as  it  is  sometimes,  but  wrongly,  called. 

Great  Sea -Wave. — This  common  and  often  very  destructive  accom- 
paniment of  earthquakes  is  formed  as  follows :  The  sudden  upheaval 
of  the  sea-bed  lifts  the  whole  mass  of  superincumbent  water  to  an 
equal  extent,  forming  a  huge  mound.  This  movement  of  the  sea-bed 
is  not  due  to  the  mere  emergence  of  the  earth-wave,  for  this  is  far  too 
small  to  produce  such  effects;  but  is  due  to  bodily  movement  of  the 
earth-crust  by  displacement  of  a  fissure  which,  as  we  have  seen,  is  the 
usual  cause  of  earthquakes.  The  falling  again  of  this  water  as  far 
10 
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below  as  it  was  before  above  its  natural  level  generates  a  circular  wave 
of  gravity,  which  siireads  like  other  water-waves,  maintaining  its 
original  wave-length,  but  gradually  diminishing  its  wave-height  until 
it  becomes  insensible.  Usually,  a  series  of  such  waves  is  formed. 
These  waves  are  often  100  to  200  miles  across  their  base  (wave-length) 
and  fifty  to  sixty  feet  high  at  their  origin.  Their  destructive  effects 
may  be  inferred  from  the  enormous  quantity  of  water  they  contain.  In 
the  open  sea  they  create  no  current,  and  are  not  even  perceived;  but, 
when  they  touch  bottom  near  shore,  they  pile  up  and  rush  forward  as 
great  breakers  fifty  or  sixty  feet  high,  sweeping  away  everything  in 
their  course. 

Being  waves  of  gravity,  their  velocity,  though  very  great  on  account 
of  their  size,  is  far  less  than  that  of  the  earth- waves,  and  they  reach 
the  neighboring  shore,  therefore,  some  time  later,  and  often  complete 
the  destruction  commenced  by  the  earth-waves. 

Examples  of  tlie  Sea-Wave. — In  the  great  earthquake  which  de- 
stroyed Lisbon  in  1755,  the  epicentrum  was  07i  the  sea-bed  fifty  or 
more  miles  off  the  coast  of  Portugal.  From  this  point  the  surface 
earth-waves  spread  along  the  sea-bottom  until  they  reached  shore. 
It  was  the  arrival  of  these  waves  which  destroyed  Lisbon.  About  a 
half-hour  later,  when  all  had  become  quiet,  several  great  sea- waves,  one 
of  them  sixty  feet  high,  came  rushing  in,  deluging  the  whole  coast  and 
completing  the  destruction  commenced  by  the  earth-waves.  This 
wave  was  thirty  feet  high  at  Cadiz,  eighteen  feet  at  Madeira,  and  five 
feet  on  the  coast  of  Ireland.  It  was  sensible  on  the  coast  of  Norway, 
and  even  on  the  coast  of  the  West  Indies,  after  having  ci'ossed  the 
whole  breadth  of  the  Atlantic. 

In  1854  a  great  earthquake  shook  the  coast  of  Japan.  Its  focus 
was  evidently  beneath  the  sea-bed  some  distance  off  the  coast,  for,  in 
about  a  half-hour,  a  series  of  water-waves  thirty  feet  high  rushed  upon 
shore  and  completely  swept  away  the  town  of  Simoda.  From  the 
same  center  the  waves,  of  course,  spread  in  the  contrary  direction, 
traversed  the  whole  breadth  of  the  Pacific,  and  in  about  twelve  and  a 
quarter  hours  struck  on  the  coast  of  California  at  San  Francisco,  and 
swept  down  the  coast  to  San  Diego.  These  waves  were  thirty  feet 
high  at  Simoda,  fifteen  feet  high  at  Peel's  Island,  about  1,000  miles 
off  the  coast  of  Japan,  0-65  feet,  or  eight  inches,  high  at  San  Francisco, 
and  six  inches  at  San  Diego.* 

On  the  13th  of  August,  1868,  a  great  earthquake  desolated  the 
coast  of  Peru.  Its  focus  was  evidently  but  a  little  way  off  shore,  for  in 
less  than  a  half-hour  a  series  of  water-waves  fifty  or  sixty  feet  high 
rushed  in  and  greatly  increased  the  devastation  commenced  by  the 


*  Report  of  Coast  Survey  for  1862. 
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earth-waves.  These  waves  reached  Coqiiimbo,  800  miles  distant,  in 
three  hours ;  IIouolulii,  Sandwich  Islands,  5,580  miles,  in  twelve 
hours;  the  Japan  coast,  over  10,000  miles,  the  next  day.  They  were 
also  observed  on  the  coast  of  California,  Oregon,  and  Alaska,  over 
G,000  miles  in  one  direction,  and  on  the  Australian  coast,  nearly  8,000 
miles  in  another  direction.  This  series  of  waves  was  distinctly  sensible 
at  a  distance  of  nearly  half  the  circumference  of  the  earth.  Had  it 
not  been  for  the  barrier  of  the  South  American  Continent,  it  would 
have  encircled  the  globe.* 

Many  other  earthquake  sea- waves  have  been  observed  and  recorded 
by  tidal  gauges,  especially  those  of  the  Iquique  earthquake  of  May, 
1877,  and  the  waves  caused  by  the  great  eruption  of  Krakatoa,  August, 
1883.  In  Fig.  107  we  give  the  record  of  the  Iquique  earthquake  taken 
by  the  tidal  gauge  at  San  Francisco. 


Fig.  107.— Eecord  of  Waves  of  the  Iquique  Earthquake  (after  Milne).  The  cross,  x ,  marks  the  time 

of  occurrence  at  Iquique. 


There  are  several  points  in  the  above  description  w'hich  we  must 
very  briefly  explain : 

1.  The  velocity  of  these  great  sea-waves,  though  less  than  that  of 
the  earth-waves,  is  still  very  great  in  comparison  with  ordinary  sea- 
waves.  The  waves  of  the  Japan  earthquake  crossed  the  Pacific  to  San 
Francisco,  a  distance  of  4,525  miles,  in  a  little  more  than  twelve  hours, 
and  therefore  at  a  rate  of  370  miles  per  hour,  or  over  six  miles  per 
minute.  The  waves  of  the  South  American  earthquake  of  1868  ran  to 
the  Hawaiian  Islands  at  a  rate  of  454  miles  per  hour.  This  amazing 
velocity  is  the  result  of  the  great  size  of  these  toaves  ;  for  the  velocity 
of  water-waves  varies  as  the  square  root  of  the  wave-length  (v  oc 


*  Report  of  Coast  Survey  for  1869. 
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2.  The  size  of  these  great  waves  is  determined  by  multiplying  the 
time  of  oscillation  by  the  velocity,  on  the  well-known  principle  that 
every  kind  of  wave  runs  its  own  length  during  the  time  of  one  com- 
plete oscillation.  The  velocity  is  obtained  by  observing  the  time  at 
different  points.  The  time  of  oscillation  is  determined  by  means  of 
tidal  gauges.  The  tidal  gauges  established  by  the  Coast  Survey  on  the 
Pacific  coast  showed  that  the  time  of  oscillation  of  the  larger  waves  of 
the  Japan  earthquake  was  about  thirty-three  (thirty-one  to  thirty-five) 
minutes.  This  would  give  a  wave-length  of  a  little  over  200  miles. 
It  is  probable  that  the  wave-length  in  the  case  of  the  South  American 
earthquake  was  at  least  equally  great. 

3.  The  distance  to  which  the  sea- waves  run  is  far  greater  than  that 
of  the  earth- waves.  The  former  is  distinctly  sensible  for  10,000  miles; 
the  latter  very  rarely  more  than  a  few  hundreds.  There  are  two 
reasons  for  this:  1.  All  waves  diminish  in  oscillation  (wave-height)  as 
they  spread  from  the  origin,  because  the  quantity  of  matter  successively 
involved  in  the  oscillation  constantly  increases.  But  in  the  one  case 
the  matter  involved  lies  in  the  circumference  of  a  circle ;  in  the  other, 
in  the  surface  of  a  sphere ;  therefore,  the  one  increases  as  the  distance, 
the  other  as  the  square  of  the  distance.  Therefore,  the  decrease  of 
oscillation  (height  of  wave)  is  far  less  rapid  for  water-waves  than  for 
elastic  spherical  waves.  2.  A  still  more  effective  reason  is  this  :  Water- 
waves  run  in  a  perfectly  homogeneous  medium,  and  therefore  diminish 
only  according  to  the  regular  law  just  stated ;  but  the  earth-waves  run 
in  an  heterogeneous,  imperfectly  elastic,  and  imperfectly  coherent 
medium,  and  therefore  they  are  rapidly  quenched  and  dissipated  by 
repeated  refractions  and  reflections,  and  by  repeated  fractures  of  the 
medium  and  thus  changed  into  other  forms  of  force,  as  heat,  elec- 
tricity, etc.  Were  it  not  for  for  this,  the  destructive  effects  of  earth- 
quakes would  be  far  more  extensive, 

4.  We  have  said  the  wave-length  remains  unchanged.  This  length, 
therefore,  represents  the  diameter  of  the  original  water-mound,  and 
therefore  of  the  original  sea-bottom  upheaval.  In  the  Japan  earth- 
quake this  was  200  miles  across.  This  shows  the  grand  scale  upon 
which  earthquake-movements  take  place. 

5.  Earthquake  sea-waves  differ  from  all  other  sea-waves  in  that 
their  great  size  makes  them  drag  bottom  even  in  open  deep  sea.  In 
their  case,  therefore,  the  velocity  depends  not  only  on  the  wave-length, 
but  also  on  the  dej)th  of  the  sea.  Knowing  the  size  (wave-length)  of 
these  waves,  and  therefore  what  ought  to  be  i\\e\v  free  velocity,  and  also 
knowing  their  actual  velocity  by  observation,  the  difference  gives  the 
retardation  by  dragging ;  and  by  the  retardation  may  be  calculated 
the  mean  depth  of  the  ocean  traversed.  In  this  way  it  has  been  de- 
termined that  the  mean  depth  of  the  Pacific  between  Japan  and  San 
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Francisco  is  12,000  feet,  and  between  Peru  and  Honolulu,  Sandwich 
Islands,  18,500  feet.    The  great  importance  of  such  results  is  obvious. 

Depth  of  Ear tliqualce- Focus. 

The  great  obscurity  which  hangs  about  the  subject  of  the  interior 
condition  of  the  earth  and  the  ultimate  cause  of  igneous  agencies 
renders  any  positive  knowledge  on  these  subjects  of  peculiar  interest. 
There  can  be  little  doubt  that  the  phenomena  of  earthquake- waves, 
their  form,  their  velocity,  their  angle  of  emergence,  etc.,  if  once 
thoroughly  understood,  would  be  a  most  delicate  index  of  this  con- 
dition, and  a  powerful  means  of  solving  many  problems  which  now 
seem  beyond  the  reach  of  science.  Among  problems  of  this  kind  none 
is  more  important,  and  at  the  same  time  more  capable  of  solution,  than 
the  depth  of  the 
origin  of  earth- 
quakes, and  there- 
fore presumably  of 
volcanoes. 

Seismographs  — 
The  most  direct 
way  of  determining 
the  depth  of  an 
earthquake-focus  is 
by  means  of  well- 
constructed  seismo- 
graphs. These  are 
instruments  for  re- 
cording earthquake- 
phenomena.  They 
are  of  infinite  varie- 
ty of  forms,  depend- 
ing partly  upon  the 
facts  desired  to  be 
recorded,  and  partly 
upon  the  mode  of 
record.  As  exam- 
ples we  will  mention 
only  two : 

An  excellent  in- 
strument for  recording  slight  tremors  is  one  invented  and  used  by 
Prof.  Palmieri,  of  the  Vesuvian  Observatory.  It  consists  of  a  tele- 
graphic apparatus  with  the  usual  paper-slip  and  stile.  The  paper- 
slip,  accurately  divided  into  hours,  minutes,  and  seconds,  travels  at 
a  uniform  rate  by  means  of  clock-work.    The  battery-circuit  is  closed 


Fig.  108. — Ewing's  Seismograph  ;  a  and  6,  horizontally  oscillating 
peiiduliini;  c.  vertically  oscilintiiig  pendulum;  d,  driving  clock; 
e,  time-recording  clock.  (Taken  from  a  photograph  of  one  at  the 
University  ol  California.) 
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imd  opened,  and  the  recording  stile  worked  by  the  shaking  of  a  metal- 
lic bob,  hung  by  a  delicate  spiral  spring  above  a  mercury-cup;  tlio 
shaking  of  the  bob  being  determined  by  the  tremor  of  the  earth. 
Such  an  instrument  records  the  exact  moment  of  occurrence  of  eartli- 
quake-shocks,  however  slight;  also,  the  moment  of  passage  of  everv 
wave  and  its  time  of  oscillation;  and  if  there  be  more  than  one  such 
instrument,  the  moment  of  occurrence  at  diiferent  places  gives  the 
velocity  of  the  surface- wave  v'. 

If  we  desire  to  record  not  only  the  time  but  also  the  character  of 
the  earth-movement,  then  a  diiferent  kind  of  seismograph  is  necessary. 
The  principle  of  all  these  is  the  principle  of  a  pendulum.  If  we  have 
a  pendulum  with  a  heavy  bob  swinging  freely,  when  an  earthquake 
arrives,  the  bob  will  stand  still,  while  the  earth  moves  beneath  it. 
This  relative  movement  of  the  pendulum  may  be  recorded  by  suitable 
device.  But  an  ordinary swinging  pendulum  moves  often  too 
largely,  and  continues  its  movement  after  the  cessation  of  the  cause. 
What  we  want  is  a  pendulum  which  will  stand  indifferently  in  any 
position  (astatic).  One  of  the  best  forms  of  instrument  yet  devised  is 
that  of  Prof.  Ewing  (Fig.  108).  It  consists  essentially  of  three  pendu- 
lums swinging  in  the  manner  of  a  bracket  or  a  gate,  and  placed  in 

three  rectangular  jjlanes:  (1)  vertical, 
north  and  south,  a ;  (2)  vertical,  east 
and  west,  h  ;  and  (3)  horizontal,  c.  The 
horizontal  one  is  retained  in  position  by 
sensitive  spiral  springs.  Stiles  are  fixed 
to  these  pendulums  in  such  wise  as  to 
record  on  a  circular  smoked  glass  plate 
rotating  in  a  horizontal  plane.  No.  1 
i-ecords  the  east-and-west  movement,  No. 
2  the  north-and-south  movement,  and 
No.  3  the  up-and-down  movement.  A 
clock  is  set  agoing  by  the  arrival  of  the 
earth- wave,  and  afterward  marks  seconds 
on  the  revolving  smoked  glass  disk.  Fig. 
109  represents  a  portion  of  such  record. 
These  three  records  may  be  combined  so 
as  to  show  the  actual  amount  and  direc- 
tion of  the  earth-movement  (Fig.  99,  p. 

Fio.  109.— Uccord  of  a  Ewing's  f^cismo-     1  211 
Ri-aph:  a,  cnst-nnd-west  motion;  b,  r 

iiorth-and-8ouUv  motion;  c,  iip-and-        'pj^g  important  facts  recorded  bv  this 

down  motion  (after  Scltiya).  " 

instrument  are:  1.  ihe  tnstant  of  trau- 
sit;  2.  The  direction  of  transit ;  3.  The  direction  of  oscillation,  or 
aiKjle  of  emergence;  4.  The  amonnt  of  oscillation.  From  these  ele- 
ments (if  we  have  several  seismographs  scattered  about  the  country) 


DEPTH  OF  EARTH  QUAKE-FOCUS. 


135 


may  be  calculated  :  1.  The  velocity  of  transit ;  2.  The  position  of  the 
focus  ;  3.  Perhaps  the  form  of  the  focus,  whether  point  or  fissure ;  4. 
The  force  of  the  original  concussion.  The  most  important  of  these 
are  tlie  position  and  depth  of  the  focus. 

The  Determination  of  the  Epicentrum.— A  good  seismograph,  or  a 
number  of  these,  will  give  the  direction  of  transit  of  the  surface- wave. 
If  in  this  way,  or  even  by  rougher  methods,  we  get  a  number  of  these 

sicrface-lines  of  transit,  by 
following  these  back  we  get 
the  epicentrum  at  their  inter- 
section. This  is  Mallet's 
method.  Or  if,  by  means  of 
many  seismographs  giving 
3-  time  of  transit,  or  even  by 
observatories  or  stations  of 
any  kind  with  accurate  clocks, 
we  get  several  points  of  simul- 
taneous arrival  of  the  wave, 
then  by  drawing  a  curve 
through  these  points  we  have 
a  coseismal  curve.  A  perpen- 
FiG.  iio.-coseismai  LincB.  dicular  drawn  from  the  mid- 

dle point  of  the  line  joining 
any  two  of  these  points  will  pass  through  the  epicentrum,  and  two  such 
])erpendiculars  would  determine  its  position.  Fig.  110  represents 
coseismal  curves,  and  b,  c,  d,  three  points  on  the  curve ;  a  is  the 
epicentrum.  This  is  Seebach's  method.  It  gives  good  results  if  the 
curves  be  not  too  irregular. 

Determination  of  the  Focus. — Mallet's  Method. — The  normal  wave  is 
a  wave  of  longitudinal  oscillation.  The  direction  of  oscillation,  there- 
fore, is  the  same  S  C  Tf  CL  s 
as  the  direction 
of  transmission  (wave-path), 
which  is  the  radius  of  the  agi- 
tated sphere.  If,  therefore, 
the  direction  of  the  ground- 
motion  be  followed  into  the 
earth,  it  carries  us  back  along 
the  wave-path  to  its  origin,  the  focus.  Two  such  wave-paths  by  their 
intersection  would  determine  its  position.  Thus,  in  Fig.  Ill,  if  c 
and  b  be  the  position  of  two  seismometric  observatories,  the  angles 
of  emergence,  xc  a  and  x  b  a,  being  given  by  observation,  and  the 
distance,  c  b,  being  known,  we  have  all  the  elements  necessary  to 
determine  either  by  calculation  or  by  accurate  plotting  the  wave- 
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l)uths  c  X  and  b  x,  and  their  point  of  intersection  x,  and  therefore  of 
tlie  depth  a  x. 

Seebach's  Method.— K&WeV^  experiments  (page  119)  were  under- 
taken in  the  hope  that  the  relation  of  the  velocities  of  the  surface  and 
spherical  waves  would  at  once,  by  simple  calculation,  give  the  depth  of 

the  focus,  for  by  Hopkins's  law  sec.  ^  ='~-  It  would  do  so  if  v  were 

constant.  But  this  is  not  true,  and  thus  the  method  is  valueless.  But 
although  it  is  impossible  thus  to  find  the  depth  directly,  it  may  be 
found  indirectly,  as  Seebach  has  shown,  by  the  rate  of  decrease  of  the 
velocity  of  the  surface- wave  v',  the  rate  being  slower  for  deep 
earthquakes  in  proportion  to  the  depth  of  their  centrums.  The  rate 
of  decrease  by  Hopkins's  law  follows  the  law  of  a  hyperbolic  curve,  as 
shown  in  Fig  112,  in  which  equal  times  are  plotted  on  vertical,  and 


Fig.  112. — Diagram  illustrating  Hopkins's  Law  and  Seebach's  Method  of  Determining  Focus  of 

Eurthqualvo. 


spaces  passed  over  in  equal  times  on  horizontal  co-ordinates.  In  this 
hyperbolic  curve  horizontality,  as  at  a,  represents  infinite  velocity,  and 
the  velocity  decreases  as  the  angle  increases  up  to  45°,  when  the  velocity 
reaches  its  limit  of  equality  with  the  velocity  of  the  spherical  wave  v. 
The  asymptote  of  the  hyperbola  passes  through  the  focus  of  the  earth- 
quake. 

Button's  Metliod. — There  is  still  another  method,  used  by  Major 
Dutton  in  his  admirable  discussion  of  the  Charleston  earthquake,  and 
claimed  by  him  as  the  most  accurate  of  all.    The  intensity  of  the 
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shock  decreases  from  the  epicentrum  according  to  a  certain  law.  The 
distance  from  the  epicentrnm  of  tlie  pUice  of  most  rapid  decrease 
depends  on  the  depth  of  the  focus.   If  s  s  (Fig.  113)  represent  the  sur- 


Fig.  113.— Diagram  illustrating  Button's  Method  of  Determining  Focus  of  Earthquake. 

face  of  the  earth,  x  the  centrum,  and  a  the  epicentrum  of  an  earth- 
quake, then  the  curve  i  i'  i"  will  represent  the  law  of  variation  of  the  in- 
tensity of  the  shock.  Its  height,  as  is  seen,  is  greatest  at  the  epicen- 
trum and  decreases  in  all  directions.  But  at  a  certain  distance,  d,  just 
where  the  curvature  changes  from  convexity  to  concavity,  the  descent  is 
steepest — i.  e.,  the  decrease  is  most  rapid.  This  distance  ad  :  the 
depth  a  X  :  -.1  :  a/^:  :  1  :  1-73.  If  the  distance,  ad,  is  known  we 
easily  find  the  depth,  ax. 

We  have  assumed  the  earth-waves  as  normal.  We  are  justified  in 
so  doing,  because  this  is  the  most  decided  wave,  and  soon  outruns  the 
transverse  wave. 

Although  seismometers,  such  as  we  have  described,  are  necessary 
for  accurate  results  from  few  observations,  yet  by  multiplying  the  ob- 
servations, even  by  rough  methods,  approximative  results  may  be  ob- 
tained. We  will  mention  several  examples  of  determinations  by  these 
various  methods. 

In  1857  a  terrible  earthquake  shook  the  territory  of  Naples,  de- 
stroying many  towns  and  villages  and  killing  about  10,000  people.  The 
scene  of  destruction  was  visited  soon  after  by  Mr.  Mallet.  By  careful 
examination  of  overthrown  objects,  many  lines  of  transit  of  the  surface- 
wave  were  determined,  which,  protracted,  carried  him  with  consider- 
able certainty  to  the  epicentrum  ;  similarly  many  lines  of  emergence, 
or  paths  of  the  spherical  wave,  protracted  back,  conducted  to  the  focus. 
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This  focus  was  determined  to  be  not  a  point,  but  a  fissure,  nine  miles 
long  and  through  three  miles  of  solid  rock.  Tiie  center  of  this  rent 
was  about  six  miles  beneath  the  surface.*  By  somewhat  similar 
methods  the  focus  of  the  Japan  earthquake  of  February  22,  1880, 
was  found  by  Milne  to  be  only  three  to  .five  miles  deep.f  By  his  new 
method,  viz.,  the  law  of  decrease  of  intensity  of  the  shock-motion,  the 
focus  of  the  Charleston  earthquake  of  August,  1886,  was  found  by 
Captain  Button  to  be  about  twelve  miles  deep.J  All  of  these  earth- 
quakes also  seem  to  have  originated  in  a  fissure. 

In  1874  a  not  very  severe  earthquake  shook  central  Germany.  It 
has  been  thoroughly  investigated  by  Seebacb.  The  epicentrum  was 
determined  with  great  precision  by  erecting  perpendiculars  to  the 
bisected  chords  of  the  coseismal  curves.  The  focus  was  determined  by 
his  method  as  a  rent  through  four  miles  of  rock,  the  center  of  the 
rent  being  nine  or  ten  miles  in  depth.* 

The  velocity  of  transit  of  the  waves  of  the  Naples  earthquake  was 
860  feet  per  second,  or  between  nine  and  ten  miles  per  minute ;  that 
of  the  earthquake  of  middle  Germany  was  about  twenty-eight  miles  per 
minute.  The  velocity  of  transit  in  the  case  of  the  Charleston 'earth- 
quake is  estimated  as  high  as  one  hundred  or  even  one  hundred  and 
eighty  miles  per  minute. 

All  these  methods  for  depth  assume  Hopkins's  law,  and  are  therefore 
vitiated  by  the  important  modifications  introduced  by  Schmidt.  By 
Schmidt's  law  the  varying  velocity  of  the  surface-wave  must  be  repre- 
sented not  by  a  simple  hyperbolic  curve,  as  Seebach  supposes  (Fig.  112), 
but  by  a  double  curve,  as  shown  in  the  upper  part  of  Fig.  98.  We 
have  already  seen  (page  119)  that  the  velocity  of  the  surf  ace- wave  is  in- 
deed infinite  at  the  epicentrum  and  then  decreases,  but  it  soon  reaches 
a  minimum  at  d,  and  then  increases  again  without  limit.  Therefore 
the  curve  representing  it  is  at  first  horizontal,  then  rises  gradually  to 
a  maximum  inclination,  and  again  more  and  more  approaches  hori- 
zontality. 

It  is  evident,  then,  that  our  knowledge  is  not  yet  sufficient  to  de- 
termine the  depth  of  the  centrum  with  any  degree  of  certainty.  With 
more  perfect  knowledge,  however,  we  may  hope  not  only  to  determine 
this,  but  even  to  sound  the  interior  of  the  earth,  gauge  its  density,  and 
determine  its  general  constitution. 

Effect  of  the  Moon  on  Earthquake-Occurrence.— By  an  extensive 
comparison  of  the  times  of  occurrence  of  several  thousand  earthquakes 


*  Mallet,  Principles  of  Scisinolo;:y. 

t  Scismological  Society  of  Japan,  vol.  i,  Part  11,  p.  1. 
X  .'^cicnce,  vol.  i.x,  p.  489,  1887. 

*  Sccbacli,  Das  Mittel  Deutsche  Erdbcben. 
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with  the  positions  of  the  moon,  Alexis  Perrey  has  made  out  with  some 
probability  the  following  laws  :  1.  Earthqual^es  are  a  little  more  fre- 
quent when  the  moon  is  on  the  meridian  than  when  she  is  on  the 
horizon.  2.  They  are  a  little  more  frequent  at  new  and  full  moon 
(syzygies)  than  at  half-moon  (quadratures).  3.  They  are  a  little  more 
frequent  when  the  moon  is  nearest  the  earth  (perigee)  than  when  she 
is  farthest  off  (apogee).  Now,  if  these  laws  are  really  true,  it  would 
seem  that  there  is  a  slight  tendency  for  earthquakes  to  follow  the  law 
of  tides :  for  the  first  law  gives  the  time  of  flood-tide,  and  the  second 
and  third  the  times  of  highest  flood-tide.  It  would  seem,  therefore, 
that  the  attraction  of  the  sun  and  moon  has  a  perceptible  effect  in  de- 
termining the  time  of  occurrence  of  earthquakes.  Many  geologists 
regard  these  laws,  if  established,  as  conclusive  proof  of  the  general 
fluid  condition  of  the  earth  beneath  a  comparatively  thin  crust.  This 
interior  liquid  they  suppose  to  be  influenced  by  the  tide-generating 
forces  of  the  sun  and  moon ;  but,  if  this  were  true,  the  effect  ought  to 
be  far  greater  than  we  flnd  it — i.  e.,  the  shock  would  occur  always  at 
high  tide.  Whatever  be  the  interior  condition  of  the  earth,  the  effect 
of  the  moon  on  the  meridian  would  be  to  assist,  and  on  the  horizon 
to  repress,  any  force  whatsoever  tending  to  break  up  the  crust  of  the 
earth  and  to  produce  an  earthquake. 

Relation  of  Earthquake- Occurrence  to  Seasons  and  Atmospheric 
Conditions. — By  extensive  comparison  of  earthquake-occurrence  with 
the  seasons,  it  has  been  shown  that  they  are  a  trifle  more  frequent  in 
winter  than  in  summer.  Constructing  a  curve  representing  the  annual 
variation  of  earthquake  intensity,  this  curve  rises  to  its  maximum  in 
January  and  sinks  to  its  minimum  in  July.  But  the  difference  is 
small. 

Prof.  Knott  has  recently  suggested  what  seems  a  possible  expla- 
nation of  this,  at  least  for  Japan,  where  this  relation  is  quite  marked. 
During  winter,  there  is  high  barometer — i.  e.,  great  atmospheric  pressure 
over  the  whole  of  Northern  Asia  (Siberia),  and  low  barometer  over 
equatorial  Pacific.  In  addition  to  this,  the  heavy  winter  snow-fall 
greatly  increases  the  pressure  over  Siberia.  In  summer,  the  condition 
of  things  is  reversed — the  barometer  is  low  and  the  snow  is  removed 
over  Siberia,  and  the  barometer  is  high  over  mid-Pacific.  This 
change  of  excess  of  pressure  from  a  large  land-area  to  a  large  ocean- 
area  back  ajid  forth,  must  tend  to  fracture  the  earth-crust,  or  to  pro- 
duce readjustment  of  previous  fractures,  along  their  dividing  line,  i.  e., 
along  the  margin  of  the  sea-basin.  This  is  known  to  be  the  place  of 
origin  of  most  of  the  Japanese  earthquakes.  This  would  take  place 
mainly  in  winter,  if  the  tendency  of  the  earth-forces  producing  earth- 
quakes were  to  produce  readjustment  by  subsidence  of  land  or  elevation 
of  sea-bottom. 
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There  is  an  almost  universal  popular  belief  in  earthquake-regions 
that  the  occurrence  is  preceded  by  a  still,  oppressive  state  of  the  air. 
Although  no  scientific  investigations  have  couhrmed  this  inipiession, 
yet  it  seems  quite  possible  and  even  probable  that  diminished  atmos- 
pheric pressure,  indicated  by  a  low  state  of  the  barometer,  may  act  as 
a  determining  cause  of  earthquake-occurrence,  precisely  as  the  position 
of  the  moon  on  the  meridian.  A  fall  of  one  inch  is  equivalent  to  a 
lifting  of  1,000,000  tons  per  square  mile  from  the  surface  pressure. 
In  both,  cases,  however,  we  must  regard  these  not  as  true  causes  of 
earthquakes,  but  only  as  causes  determining  the  moment  of  occurrence. 

Section  4. — Gradual  Elevation  ais'd  Depression  of  the 

Earth's  Crt^t. 

Of  all  the  effects  of  igneous  agencies  these  are  by  far  the  most  im- 
portant. Although  not  violent  and  destructive  like  volcanoes  and 
earthquakes,  although  indeed  so  little  conspicuous  as  to  be  generally 
unobservable  except  to  the  eye  of  science,  yet  acting  not  paroxysmally 
but  constantly,  not  in  isolated  spots  but  over  wide  areas  and  affecting 
whole  continents,  their  final  result  in  modifying  the  crust  of  the  earth 
and  making  history  is  far  greater  than  that  of  all  other  igneous  agen- 
cies put  together.  It  is  probable  that  the  same  causes  which  are  now 
at  work  gradually  raising  or  depressing  the  earth's  crust  have  during 
geological  times  formed  the  continents  and  the  seas. 

Elevation  or  Depression  during  Earthquakes. — We  have  already 
spoken  (pages  114  and  115)  of  sudden  elevations  or  depressions  of  great 
areas  of  country  at  the  time  of  earthquake-occurrence  in  llindostan, 
in  the  valley  of  the  Mississippi  River,  and  especially  of  the  southern 
part  of  South  America.  It  is  not  probable,  however,  that  much  is  accom- 
plished in  this  paroxysmal  way.  These  cases  are  referred  to  in  order 
to  show  the  close  connection  of  such  sudden  bodily  movements,  and 
therefore  presumably,  also,  of  the  slower  movements  about  to  be  de- 
scribed, with  the  causes  and  forces  which  produce  earthquakes. 

Movements  not  connected  with  Earthquakes — South  America.— Be- 
sides the  sudden  elevation  of  Chili  and  Patagonia  by  earthquakes,  the 
same  countries  show  evidences  of  gradual  elevation  on  a  stupendous 
scale.  The  evidences  are  old  sea-beaches,  full  of  shells  of  species  now 
living  in  the  adjacent  sea,  far  above  the  present  water-level.  These 
^'■raised  beaches  have  been  traced  1,180  miles  on  the  eastern  shore 
and  3,075  miles  on  the  western,  and  at  different  levels  from  100  to  1,300 
feet  above  the  sea.  More  recently  Alexander  Agassiz  has  traced  them 
by  means  of  corals  still  sticking  to  the  rocks  to  the  height  of  nearly 
3,000  feet.*    It  is  not  probable  that  all  this  movement  took  place  dur- 


*  Proceedings  of  the  American  Academy  of  Sciences,  vol.  xi,  p.  287,  1876. 


ELEVATION  AND  DEPRESSION  OF  EARTU'S  CRUST. 


141 


ing  the  present  geological  epoch,  but  it  is  the  more  instructive  on  that 
very  account,  since  it  shows  the  identity  of  geological  causes  with  causes 
now  in  operation. 

Italy. — The  most  carefully-observed  instance  of  gradual  depression 
and  elevation  is  that  of  the  coast  of  Naples.    Fig.  114  is  a  map  and 


Fig.  114. 


Fig.  115  a  section  of  the  coast  of  the  bay  of  Baise,  near  Naples.  Be- 
tween a  a  a,  the  present  coast-line,  and  the  cliff  h  b  b,  which  marks 
the  position  of  the  former  coast-line,  there  is  a  nearly  level  plain  called 
the  Starza.  Now,  there  is  perfect  evidence  that  at  one  time  the  land 
was  depressed  until  the  sea  beat  against  the  cliff  b  b,  and  that  both  the 
depression  and  the  re-elevation  to  its  present  condition  took  place  since 
the  period  of  Roman  greatness.    The  evidence  is  as  follows : 

1.  There  are  certain  shells  abundant  in  the  Mediterranean  and  in 
many  other  seas,  called  litliodomus  {X.lOo's,  a  stone ;  doviv.s,  a  house), 
from  the  habit  of  boring  for  themselves  holes  in  the  rocks  near  the 
water-line.  Such  borings,  often  with  the  dead  shells  in  them,  are 
found  all  along  the  base  of  the  clifE  b  6,  twenty  feet  above  the  present 
sea-level.  2.  The  level  plain  called  Starza  is  composed  of  strata  con- 
taining shells  of  the  Mediterranean  and  Roman  works  of  art.  3.  On 
this  plain,  near  the  present  sea-margin,  are  the  ruins  of  a  Roman  tem- 
ple dedicated  to  Jupiter  Serapis.  The  floor  and  three  of  the  columns 
d  of  this  beautiful  work  are  still 
almost  perfect  (Fig.  115).  When 
first  discovered  the  floor  and  the 
lower  part  of  tlie  cokimns  were 
covered  by  the  materials  of  the 
plain.  Above  the  part  thus  cov- 
ered the  columns  were  bored  with 
lithodomi  to  a  height  of  twenty  feet.  This  temple  was,  of  course,  above 
the  sea-level  during  the  Roman  period.    After  that  period  it  sank 
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until  the  sea-levcl  stood  at  s'  (Fig.  115),  twenty  feet  above  tlie  base. 
Since  that  time  it  rose  to  sea-level  and  is  now  again  subsiding.  These 
changes  were  so  gradual  that  they  were  entirely  insensible,  and,  in  fact, 
unknown  to  the  inhabitants.  The  upright  position  of  the  columns 
also  sliovvs  that  it  could  not  have  been  produced  by  convulsive  action. 

4.  Italian  historians  state  that  in  1530  the  sea  beat  against  the  clilf  bb. 

5.  Evidences  of  similar  changes,  in  some  cases  depression  and  in  others 
elevation,  are  seen  in  many  places  along  the  coast  of  Italy,  Oandia,  and 
G  reece. 

In  all  the  cases  thus  far  mentioned,  but  especially  that  of  the  tem- 
ple of  Serapis,  the  near  vicinity  of  volcanoes  (Fig.  114)  suggests  that 
these  effects  were  probably  in  some  way  connected  with  volcanic  ac- 
tion. But  there  are  many  instances  in  which  no  such  connection  can 
be  traced. 

Scandinavia. — The  best-observed  instance  of  this  kind  is  that  of  the 
coasts  of  Sweden.  Careful  observations  on  the  coasts  of  the  Baltic 
and  Polar  Seas  have  proved  that  nearly  the  whole  of  Norway  and 
Sweden  is  rising  slowly,  and  has  been  rising  for  thousands  of  years. 
South  of  Stockholm  there  is  no  elevation,  but,  on  the  contrary,  slight 
depression  ;  but  north  of  Stockholm  the  whole  coast  is  rising  at  a  rate 
which  increases  as  we  go  north  until  it  attains  a  maximum  of  five  to 
six  feet  per  century.  These  observations  were  made  under  the  direc- 
tion of  the  Swedish  Government  by  means  of  permanent  marks  made 
at  the  sea-level,  and  examined  from  year  to  year.  That  similar 
changes  have  been  in  progress  for  thousands  of  years,  and  have  greatly 
increased  both  the  height  and  the  extent  of  these  countries,  is  proved 
by  the  fact  that  old  sea-beaches,  full  of  shells  of  species  now  living  in 
the  neighboring  seas,  are  found  fifty  to  seventy  miles  inland,  and  100, 
200,  and  even  600  feet  above  the  present  sea-level  on  both  sides  of  the 
Scandinavian  peninsula.*  In  some  places,  the  country  rock,  when  un- 
covered by  removing  superficial  deposit  of  beach-shells,  is  found  stud- 
ded with  barnacles  like  those  which  mark  the  present  shore-line  (Jukes). 

The  rising  area  is  about  1,000  miles  long  north  and  south,  and  of 
unknown  breadth.  It  may  embrace  a  considerable  portion  of  Russia. 
Lyell  estimates  the  average  rate  as  not  more  than  two  and  a  half  feet 
per  century.  At  this  rate,  to  rise  GOO  feet  would  require  24,000  years. f 
Similar  raised  beaches  are  found  in  nearly  all  countries.  We  give 
these  as  examples  of  an  almost  universal  phenomenon,  whicli  will  be 
again  more  perfectly  described  in  the  chapter  on  the  Quaternary. 

Greenland. — For  obvious  reasons,  evidences  of  elevation  are  much 
more  conspicuous  than  evidences  of  depression.    One  of  the  best  ob- 


*  De  Gcer,  Bulletin  of  the  Geological  Society  of  America,  vol.  iii,  p.  65,  1892. 
f  Lycll's  Antiquity  of  Man,  p.  58. 
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served  instances  of  the  latter  is  that  of  the  coast  of  Greeulaud.  This 
coast  is  now  sinking  along  a  space  of  GOO  miles.  Ancient  buildings 
on  low  rock-islands  have  been  gradually  submerged,  and  experience 
has  taught  the  native  G-reenlander  never  to  build  his  hut  near  the 
water's  edge. 

Deltas  of  Large  Rivers. — In  the  deltas  of  the  Mississippi,  the 
(iangcs,  the  Po,  and  many  other  large  rivers,  there  are  unmistakable 
evidences  of  gradual  depression.  These  evidences  are  fresh-water 
shells,  and  planes  of  vegetation,  or  dirt-leds^  far  below  the  present 
level  of  the  sea.  A  section  of  the  delta  deposits  of  the  Mississippi 
River  reveals  the  fact  that  these  deposits  consist  of  river  sands  and 
clays,  s  cl^  (Fig-  116),  containing /res/i-waiJer  s7<eZ?s,  with  now  and  then 
an  intercalated  stratum  of 
marine  origin,  containing 
viarine  shells,  and  at  uncer- 
tain intervals  distinct  lines 
of  turf  or  vegetable  soil^g'  g", 
each  with  the  stumps  and 
roots  of  cypress-trees  as  they 
originally  grew.  Each  one 
of  these  turf-lines  is  a  sub- 
merged forest-ground^  except 
the  uppermost,  which  is  the 
pi'esent  forest-ground.  Pre- 
cisely similar'phenomena  have  been  observed  in  other  large  deltas.  The 
deltas  of  the  Ganges  and  the  Po  have  been  penetrated  more  than  400 
feet  without  reaching  bottom.  In  both  the  deposit  is  made  up  of  fresh- 
water strata  alternating  with  dirt-beds  or  forest-grounds.  These  facts 
prove  that  these  great  deltas  have  been  at  intervals  during  the  whole 
period  of  their  formation,  as  they  are  now,  fresJi-zvafer  swamps,  over- 
grown in  parts  with  trees,  etc. ;  that  they  have  steadily  subsided  to  a 
depth  indicated  by  the  thickness  of  the  deposit  containing  the  old 
forest-grounds;  that  the  up-building  by  river-deposit  has  gone  on  pari 
passti,  so  as  to  maintain  nearly  the  same  level  all  the  time  ;  but  that 
from  time  to  time  the  subsidence  was  more  rapid,  so  that  the  sea 
gained  possession  for  awhile  uTitil  it  was  again  reclaimed  by  river- 
deposit,  and  again  more  slow,  so  that  the  area  was  again  thoroughly 
covered  with  forests,  and  so  on.  These  facts  are  of  great  importance 
in  geology,  and  will  be  again  referred  to  in  the  following  pages. 

Southern  Atlantic  States. — Evidence  of  a  similar  kind  proves  that  a 
large  portion  of  the  coasts  of  our  Southern  Atlantic  States  is  slo\^ly 
subsiding  at  the  present  time,  though  there  are  also  evidences,  in  the 
form  of  raised  beaches,  of  elevatio7i  immediately  preceding,  the  present 
subsidence.    The  evidences  of  subsidence  are  most  conspicuous  along 
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the  coast  of  South  Carolina  and  Georgia.  They  consist  of  cypress- 
stumps  in  situ  below  the  present  tide-level.  According  to  Cook,  late 
Geologist  of  New  Jersey,  the  coast  from  Long  Island  to  Cape  May  is 
sinking  at  the  rate  of  two  feet  a  century. 

These  facts  seem  to  point  to  the  conclusion  that  subsidence  is  go- 
ing on  in  nearly  all  places  where  large  deposits  of  sediment  are  accumu- 
lating. 

Pacific  Ocean. — But  by  far  the  grandest  example  of  subsidence 
known  is  that  which  has  been  going  on  for  thousands,  probably  hun- 
dreds of  thousands,  of  years,  and  is  still  going  on  in  the  mid-Pacific 
Ocean.  The  subsiding  area  is  situated  under  the  equator,  and  is  about 
6,000  miles  long  by  about  2,000  to  3,000  miles  wide.  The  evidence  of 
the  subsidence  and  its  rate  is  entirely  derived  from  the  study  of  coral- 
reefs  in  this  region.  The  further  discussion  of  the  subject  will  be  de- 
ferred until  we  take  up  the  coral-reefs. 

Our  examples,  be  it  observed,  are  all  taken  from  the  vicinity  of 
coast-lines,  the  sea-level  being  used  as  term  of  comparison.  In  the 
interior  of  continents,  and  in  the  midst  of  the  sea  where  there  are  no 
islands,  this  means  of  detecting  changes  fails  us,  yet  it  is  precisely 
there,  i.  e.,  in  the  middle  of  the  rising  or  subsiding  area,  that  the 
changes  are  probably  the  greatest.  In  the  case  of  continents,  however, 
as  already  explained  on  page  33,  we  have  another  test  of  crust- move- 
ments, viz.,  the  phenomena  of  river-beds.  In  a  rising  area  the  rivers 
cut  rapidly  deeper  ;  in  a  subsiding  area  they  fill  up  their  old  beds  and 
rise  to  higher  level.  In  this  way  we  know  that  the  Plateau  and  the 
Sierra  regions  have  greatly  risen  in  compai'atively  recent  times,  and 
are  still  rising,  while  the  New  England  region  has  recently  subsided, 
though  probably  is  not  still  subsiding.  The  evidence  of  this  will  be 
given  hereafter. 

Theories  of  Elevation  and  Depression. 

It  is  evident  that  observation  only  determines  changes  of  relative 
position  of  sea  and  land.  These  changes  may  be  the  result  of  rise  and 
fall  of  sea,  or  rise  and  fall  of  land.  The  popular  mind  naturally  at- 
tributes them  to  the  rise  and  fall  of  the  sea,  as  the  more  unstable  ele- 
ment. But,  by  the  principle  of  hydrostatic  level,  it  is  clearly  impos- 
sible that  the  ocean  should  rise  or  fall  permancnthj  at  one  place  without 
being  similarly  affected  everywhere.  It  is  certain,  therefore,  that  the 
changes  we  have  described  above,  being  in  different  directions  in  dif- 
ferent places,  must  be  due  to  movements  of  the  solid  crust.  Neverthe- 
less, it  is  also  true  that  any  increase  in  the  heiglit  and  extent  of  the 
zvhole  amount  of  land  on  the  globe  must  be  attended  with  a  correspond- 
ing depression  of  the  sea-bottoms,  and  therefore  an  actual  subsidence 
of  the  sea-level  everywhere.    Hence,  if  it  be  true,  as  is  generally  be- 
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lieved,  that  the  continents  have  been,  on  the  whole,  increasing  in  ex- 
tent and  in  height,  in  the  course  of  geological  history,  then  it  is  true 
also  that  the  seas  have  been  subsiding,  and  that  therefore  the  relative 
changes  are  the  sum  of  these  two. 

Admitting,  however,  tliat  the  actual  increase  of  land  at  the  preseiii 
time  is  imperceptible,  or  at  least  very  small  iu  comparison  with  the 
oscillatory  movements  described  above,  we  may  look  upon  the  sea-level 
as  fixed;  this  statement  being  sufMciently  correct  when  regarding  the 
subject  from  the  physical  point  of  view,  though  untenable  when  re- 
garded from  the  geological  point  of  view.  Admitting,  then,  the  fixed- 
ness of  the  sea-level,  what  are  the  causes  of  the  gradual  movements  of 
the  solid  crust? 

Babbage's  Theory. — Babbage  believed  that,  in  the  vicinity  of  volca- 
noes, the  I'ise  and  fall  of  ground  were  due  to  the  expansion  and  con- 
traction of  rocks  by  heating  and  cooling.  The  re-elevation  of  the 
temple  of  Serapis  occurred  appai'ently  soon  after  the  eruption  which 
formed  Monte  Nuovo  (Fig.  114).  It  is  not  improbable  that  this  re- 
elevation  was  the  result  of  the  heating  and  vertical  expansion  of  the 
rocks  to  great  depth,  caused  by  the  eruption  of  the  interior  heat  at 
this  point.  A  very  small  elevation  of  temperature  of  rocks  several 
miles  thick  would  be  sufficient  to  produce  a  vertical  expansion  of 
twenty  feet. 

Other  cases,  such  as  the  rise  of  sea-margins  at  a  distance  from 
volcanic  action,  Babbage  explains  as  follows  :  Large  accumulations 
of  sediments,  such  as  occur  generally  on  coasts,  would  cause  a  rise 
toward  the  surface  of  all  the  subjacent  isogeotherms.  This  increase  of 
temperature  of  the  crust  would  cause  a  vertical  expansion  or  swelling 
of  the  crust  at  that  point,  and  a  consequent  rise  above  the  sea-level. 

The  great  objections  to  this  theory,  as  applied  to  these  latter  cases, 
are :  1.  The  elevation  of  sea-bottom  from  this  cause  would  not  afifect 
the  contiguous  land  ;  and,  3.  That  the  places  where  the  greatest  quanti- 
ties of  sediments  are  depositing  (as,  for  instance,  the  deltas  of  great 
rivers)  are  places  of  snbsidence,  instead  of  elevation. 

Herscliers  Theory.* — Sir  John  Herschel  assumes,  as  a  general  law 
— what  has  been  proved  in  a  great  number  of  instances — that  areas  of 
great  accumulation  of  sediment  are  areas  of  subsidence.  He  agrees 
with  Babbage,  that  accumulation  of  sediments  must  cause  an  upward 
movement  of  the  isogeotherms,  but  he  differs  from  Babbage  in  believ- 
ing that  this  invasion  of  sediments  by  the  interior  heat  would  produce 
stobsidence  instead  of  elevation.  For,  according  to  Herschel,  the  inva- 
sion of  sediments  by  the  interior  heat  would  produce  chemical  changes, 


*  Herschel,  Proceedings  of  the  (Jcological  Society,  vol.  ii,  p.  C48 ;  and  Dabbnge, 
ibid.,  p.  72. 
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aud  sometimes  even  aqneo-igneous  fusion.  These  chemical  changes, 
wliatever  other  effects  they  produce,  would  certainly  change  loose  sedi- 
ments into  denser  crystalline  rocks  (metamorphism),  thus  producing 
contraction  instead  of  expansion.  The  accumulating  sediment  mean- 
while would  subside,  by  the  pressure  of  its  own  weight,  on  the  liquid  or 
semi-liquid  thus  formed. 

Recent  View. — Again :  On  the  view  that  there  exists  a  sub-crust 
layer  of  liquid  or  semi-liquid  matter  (page  89),  not  only  would  loading 
with  sediment  cause  suhsidence  of  marginal  sea-bottoms,  but  also  lighten- 
ing by  erosion  would  produce  elevation  of  laiid- surfaces. 

General  Theory. — The  theory  of  Babbage  accounts  with  great  prob- 
ability for  the  rise  of  ground  in  the  vicinity  of  volcanoes,  and  Herschel's 
theory  accounts,  perhaps,  for  the  subsidence  of  deltas  and  other  places 
where  great  accumulation  of  sediment  occurs ;  and  this  latter  theory 
has  the  additional  advantage  of  accounting  for  metamorphism,  and 
])erhaps,  also,  for  volcanic  phenomena.  But  it  is  evident  that  some 
other  and  moi'e  general  theory  is  necessary  to  account  for  those  great 
inequalities  of  the  earth's  crust  which  form  land  and  sea-bottom.  For 
example :  although  loading  with  sediment  may  cause  sea-bottoms  to 
sink ;  and  lightening  by  erosion  may  cause  land-surfaces  to  rise,  yet 
this  does  not  at  all  explain  how  sea-bottoms  and  land-surfaces  came  to 
be  such.  These  great  inequalities  must  be  originated  by  some  other 
cause ;  loading  and  lightening  only  tend  to  maintain  them.  The  for- 
mation of  these  must  be  a  phenomenon  somewhat  different  from  those 
local  oscillations  which  alone  have  been  the  subject  of  direct  observa- 
tion. Such  general  changes  can  only  be  the  result  of  some  general 
'  cause  affecting  the  earth  as  a  whole,  as,  for  example,  gradual  unequal 
contraction  of  the  tvhole  earth  consequent  upon  its  secular  cooling. 
The  further  discussion  of  this  theory,  however,  belongs  properly  to  the 
second  part  of  this  work. 


CHAPTER  IV. 
ORGANIC  AGENCIES. 

As  agents  modifying  the  crust  of  the  earth,  organisms  are,  perhaps, 
inferior  to  the  agents  already  mentioned  (although  the  immense  thick- 
ness aud  extent  of  limestone  strata  are  a  monument  of  their  power  in 
this  respect) ;  nevertheless,  they  are  peculiarly  interesting  to  the 
geologist  as  delicate  indicators  of  climate,  and  recorders  of  the  events 
of  the  earth's  liistory.  We  will  take  up  the  subject  of  their  agency 
under  three  lieads,  each  having  a  separate  application  in  interpreting 
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the  structure  and  history  of  the  earth,  viz. :  1.  Vegetable  Accumula- 
tions, to  account  for  coal  and  bitumen ;  2.  Jiog-Irou  Ore,  to  account 
for  iron-ores  inclosed  in  the  strata;  3.  Lime  Accumulations,  to  account 
for  limestones,  etc. 

Section  1. — Vegetable  Accumulations. 

Peat- Bogs  and  Peat-S'wamps. 

Description. — In  humid  climates,  in  certain  places,  badly  drained 
and  overgrown  with  moss  and  shrubs,  a  black  carbonaceous  mud  accu- 
mulates often  to  great  depths.  This  substance  is  called  peat  or  turf, 
and  such  localities  peat-bogs.  The  thick  mass  of  vegetation  which 
covers  their  surface,  with  its  interlaced  roots  often  forms  a  crust  upon 
which  a  precarious  footing  may  be  found,  bnt  beneath  this  is  a  tremu- 
lous, semi-liuid  quagmire,  sometimes  twenty  to  forty  feet  deep,  in 
which  men  and  animals,  venturing  in  search  of  food,  are  often  lost. 
These  bogs  are  most  numerous  in  northern  climates.  One  tenth  of  the 
whole  surface  of  Ireland,  and  large  portions  of  Scotland,  England,  and 
France,  are  covered  with  peat.  The  bog  of  the  Shannon  River  is  fifty 
miles  long  and  three  miles  wide;  that  of  the  Loire  in  France  is  150 
miles  in  circumference.  Extensive  bogs  exist  also  in  the  northern  por- 
tions of  our  own  country.  The  amount  of  peat  in  Massachusetts  alone 
has  been  estimated  at  more  than  15,000,000,000  cubic  feet  (Dana).  In 
California,  an  imperfect  peat  covers  large  areas  about  the  mouth  of  the 
San  Joaquin  Eiver  and  elsewhere  (tule-lands).  In  more  southern  cli- 
mates, where  the  conditions  of  humidity  is  present,  immense  accumula- 
tions of  peat  also  occur — not,  however,  in  bogs  overgrown  with  moss 
and  shrubs,  but  in  extensive  sioamps  covered  with  large  trees. 

Composition  and  Propeities  of  Peat. — Peat  is  disintegrated  and 
partially  decomposed  vegetable  matter.  It  is  composed  of  carbon,  with 
small  and  variable  quantities  of  hydrogen,  oxygen,  and  nitrogen.  It  is, 
therefore,  vegetable  matter  which  has  lost  a  part  of  its  gaseous  con- 
stituents, and  in  which,  therefore,  the  carbon  is  greatly  in  excess.  In 
more  recent  peat,  the  vegetable  nature  and  structure  are  plainly  detect- 
able by  the  eye,  but  in  older  peat  only  by  the  microscope.  In  all  coun- 
tries where  it  occurs,  it  is  dried  and  used  as  a  valuable  domestic  fuel. 
By  powerful  pressure  it  may  be  converted  into  a  substance  scarcely 
distinguishable  from  some  varieties  of  coal,  and,  thus  changed,  is  now 
extensively  used  for  all  purposes  for  which  coal  is  used,  and  has  there- 
fore become  an  important  article  of  commerce. 

Peat  possesses  a  remarkable  antiseptic  property.  This  property  is 
probably  due  to  the  presence  of  humic  acid  and  of  hydrocarbons  anal- 
ogous to  bitumen,  which  are  formed  only  wlien  vegetable  matter  is 
decomposed  in  presence  of  excess  of  water.    The  bodies  of  men  and 
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animals  have  been  found  in  bogs  in  a  good  state  of  preservation,  whicli 
must  have  been  buried  many  liundred  years.  In  1747,  in  an  Englisli 
bog,  the  body  of  a  woman  was  found,  with  skin,  nails,  and  hair,  almost 
perfect,  and  ivith  sandals  on  her  feet.  In  Ireland,  under  eleven  feet  of 
peat,  the  body  of  a  man  was  found  clothed  in  coarse  hair-cloth.  Several 
other  instances  of  bodies  of  men  and  animals,  and  innumerable  in- 
stances of  skeletons  of  animals,  preserved  in  bogs  where  they  have  per- 
ished, might  be  mentioned.  Large  trunks  of  trees  are  often  so  per- 
fectly preserved  that  they  are  used  as  timber,  and  stumps  similarly 
preserved  are  found  with  their  roots  firmly  fixed  in  the  under-soil  of 
the  bog  as  if  they  had  grown  on  the  original  soil  on  which  the  bog  was 
accumulated. 

Mode  of  Growth. — Plants  take  the  greater  portion  of  their  food  from 
the  air,  and  give  it,  by  the  annual  fall  of  leaf  and  finally  by  their  own 
death,  to  the  soil.  Thus  is  formed  the  humus  or  vegetable  mold  found 
in  all  forests.  This  substance  would  increase  without  limit  were  it  not 
that  its  decay  goes  on  pari  passu  with  its  formation.  But  in  peat-bogs 
and  swamps  the  excess  of  water,  and,  still  more,  the  antiseptic  property 
of  the  peat  itself,  prevent  complete  decay.  Thus  each  generation  takes 
from  the  air  and  adds  to  the  soil  continually  and  without  limit.  The 
soil  which  is  made  np  entirely  of  this  ancestral  accumulation  continues 
to  rise  higher  and  higher,  until  the  bog  often  becomes  higher  than  the 
surrounding  country,  and,  when  swollen  by  unusual  rains,  bursts  and 
floods  the  country  with  black  mud.  A  bog  is  therefore  composed  of 
the  vegetable  matter  of  thousands  of  generations  of  plants.  It  repre- 
sents so  much  matter  withdrawn  from  the  atmosphere  and  added  to 
the  soil.  In  some  cases,  besides  the  material  deposited  from  the 
growth  of  vegetation  in  situ.,  the  accumulation  may  be  partly  also  the 
result  of  organic  matter  drifted  from  the  surrounding  surface-soil. 

Rate  of  Growth. — The  rate  of  peat-growth  must  be  very  variable, 
since  it  depends  upon  the  vigor  of  the  vegetation  and  upon  the  manner 
of  accumulation,  whether  entirely  by  growth  of  plants  in.  situ.,  or  partly 
by  driftage.  Many  of  the  European  bogs  are  evidently  the  growth  of 
not  more  than  eighteen  hundred  years,  for  they  were  foreste  in  the 
time  of  the  Romans,  or  even  later.  The  felling  of  these  forests,  as  a 
military  measure  to  complete  the  subjugation  of  the  countr}-,  and  the 
consequent  impediments  to  drainage  thus  produced,  have  changed 
them  into  bogs.  At  their  bottoms,  and  covered  with  eight  to  t«n  feet 
of  peat,  are  found  the  trunks  and  the  stumps  of  the  original  forests, 
the  axes  and  coins  of  the  Roman  soldiers,  and  the  roads  of  the  Roman 
army.  The  rate  of  accumulation  has  been  variously  estimated,  from 
one  or  two  inches  to  several  feet  per  century.  In  all  cases  of  simple 
growth  in  situ,  however,  and  therefore  always  in  great  peat-swamps, 
the  increase  is  very  slow. 
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Conditions  of  Growth. — The  conditions  usually  considered  necessary 
for  the  formation  of  peat  are  cold  and  moulure ;  and  of  these  the 
former  is  considered  the  more  important,  as  without  cold  it  is  supposed 
vegetable  matter  would  be  destroyed  by  decay.  In  proof  of  this  it  is 
stated  that  peat-bogs  are  more  numerous  in  cold  climates.  But  it  is 
more  probable  that  excess  of  moisture  is  the  only  important  condition. 
This  condition  may  be  rarer  in  warm  climates  on  account  of  the  greater 
capacity  of  the  air  for  moisture  in  these  climates;  but  when  it  is  pres- 
ent, immense  accumulations  of  peat  occur  in  extensive  swamps.  Tiie 
Great  Dismal  Swamp  is  a  good  illustration.  This  swamp,  situated 
partly  in  North  Carolina  and  partly  in  Virginia,  is  forty  miles  long  by 
twenty-five  miles  wide.  It  is  covered  with  a  dense  forest  of  cypress 
and  other  swamp  trees,  by  the  annual  fall  of  whose  leaves  the  peat  is 
formed.  These  trees,  by  means  of  their  long  tap-roots  and  their  wide- 
spreading  lateral  roots,  maintain  a  footing  in  the  insecure  soil,  but  are 
often  overthrown,  and  add  their  trunks  and  branches  to  the  vegetable 
accumulation.  The  original  soil,  upon  which  the  accumulation  was 
formed,  must  have  been  lower  in  the  center,  but  the  surface  of  the  peat 
rises  very  gently  toward  the  center,  which  is  twelve  feet  higher  than 
the  circumference  (Fig.  117).    Near  the  center  there  is  a  lake  of  clear. 


Fig.  117.— Ideal  Seclion  Ihrough  Dismal  Swamp:  a  a,  original  soil;  b  b,  peat;  I,  lake. 

wine-colored  water,  seven  miles  across  and  fifteen  feet  deep,  the  banks 
and  bottom  of  which  are  composed  of  pure  peat. 

In  the  Mississippi  River  swamps  there  are  also  large  areas  where 
pure  peat  has  been  accumulating  for  age?,  and  is  still  accumulating,  by 
growth  of  trees  in  situ,  though  subject  to  the  annual  floods  of  the  river. 
The  joMrewess  of  the  peat  in  these  cases  is  due  to  the  fact  that  the  mud- 
dy waters  of  the  river  are  strained  of  all  their  sedimentary  matter  by 
passing  through  the  dense  jungle-growth  of  cane  and  herbage  which 
surrounds  these  favored  spots.  Thus  only  pure  water  reaches  them.* 
Similar  peat-swamps  are  found  at  the  mouths  of  the  Ganges,  the  Niger, 
and  other  great  rivers. 

Alternation  of  Peat  with  Sediments. — We  have  already  stated  (page 
186)  that  a  section  of  the  delta-deposit  of  many  great  rivers,  such  as 
the  Mississippi,  Ganges,  and  Po,  reveals  alternate  layers  of  fresh-water 
and  marine  sediments,  with  thin  layers  of  vegetable  mold  coijtaining 
stumps.  In  some  cases  tliese  layers  of  vegetable  mold  amount  to  con- 
siderable thickness  of  turf  or  peat.    Layers  of  peat  two  feet  thick  have 


*  Lyell's  Elements  of  Geolojry,  fifth  edition,  p.  385. 
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been  found  between  layers  of  river- mud  in  the  delta  of  the  Ganges 
(Lyell's  Principles  of  Geology).  Similar  layers  have  been  found  in 
the  delta  of  the  Po.  They  are  evidently  mbincrged  peut-swam.j)s. 
These  facts  are  of  great  importance  in  the  explanation  of  the  accumu- 
lation of  coal. 

Drift- Timber. 

Great  rivers  in  wooded  countries  always  bring  down  in  large  num- 
bers the  trunks  of  trees  torn  from  the  soil  of  their  banks.  These 
trunks  lodging  near  their  mouths,  where  the  current  is  less  swift,  and 
accumulating  from  year  to  year,  form  rafts  of  great  extent.  The  great 
raft  of  the  Atchafalaya,  which  was  removed  in  1835  by  the  State  of 
Louisiana,  was  a  mass  of  timber  ten  miles  long,  seven  hundred  feet 
wide,  and  eight  feet  thick.  It  had  been  accumulating  for  more  then 
fifty  years,  and  at  the  time  of  its  removal  was  covered  with  vegetation, 
and  even  with  trees  sixty  feet  high.  Similar  accumulations  of  drift- 
wood are  described  as  occurring  in  the  Red  River,  the'Mackeuzie  River, 
and  in  Slave  Lake.  Such  rafts  become  finally  imbedded  in  river-mud, 
and  undergo  a  slow  change  into  lignite  or  imperfect  coal.  Beds  of 
partially-formed  lignite  are  therefore  found  in  sections  of  the  delta-de- 
posit of  almost  all  great  rivers.  We  will  use  these  facts  in  speaking  of 
the  theories  of  the  coal. 

Section  2. — Bog-Iron"  Orb. 

At  the  bottom  of  peat-bogs  is  often  found  a  "  hard  pan  "  of  iron- 
ore,  sometimes  one  to  two  feet  thick.  The  same  material  often  collects 
in  low  spots,  even  when  there  is  no  decided  bog.  The  manner  in  which 
this  iron-ore  accumulates  is  very  interesting,  and  in  a  geological  point 
of  view  very  important. 

Peroxide  of  iron  exists  very  generally  diffused  as  the  red  coloring- 
matter  of  soils  and  rocks.  In  this  form,  however,  it  is  insoluble,  and 
therefore  can  not  be  washed  out  by  percolating  waters.  For  this  pur- 
pose the  agency  of  decomposing  organic  matter,  present  in  all  percolat- 
ing waters,  is  necessary.  Decomposition  of  organic  matter  is  a  process 
of  oxidation.  In  contact  with  peroxide  of  iron  (ferric  oxide)  it  deoxi- 
dizes, and  reduces  it  to  jwotoxide  (ferrous  oxide).  The  acids,  especially 
carbonic  acid,  produced  by  decomposition  of  the  organic  matter,  then 
unite  with  the  protoxide,  forming  carbonate  of  iron.  The  carbonate, 
being  soluble  in  water  containing  excess  of  carbonic  acid,  is  washed 
out,  leaving  the  soils  or  rocks  decolorized,  and  the  iron-charged  waters 
come  up  as  chalybeate  springs.  But  the  ferrous  carbonate  rapidly 
oxidizes  again  in  the  presence  of  air,  by  exchanging  its  carbonic  acid 
for  oxygen,  and  returns  to  its  former  condition  of  ferric  oxide,  and  is 
deposited.    Thus  all  about  iron  springs,  and  in  the  course  of  the 
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streams  which  flow  from  them,  and  in  low  places  where  their  waters 
accumulate,  we  find  reddish  deposits  of  hydrated  ferric  oxide.  This 
is  the  most  common  but  not  the  only  form.  For  if  the  iron- waters 
accumulate,  and  the  iron  be  deposited  in  the  presence  of  excess  of 
organic  matter,  as  peat,  then  the  iron  is  not  (for  in  the  presence  of 
this  reducing  agent  it  can  not  be)  reoxidized,  but  remains  in  the  form 
of  ferrous  carbonate. 

Thus  there  are  two  forms  in  which  iron  leached  out  from  the  soils 
and  rocks  may  accumulate,  viz.,  ferric  oxide  and  ferrous  carbonate  :  the 
former  is  accumulated  where  the  organic  matter  is  in  small  quantities, 
and  consumes  itself  in  doing  the  work  of  dissolving  and  carrying ;  the 
latter  where  the  organic  matter  is  in  excess. 

Many  familiar  phenomena  may  be  explained  by  the  principles  given 
above:  1.  Clay  containing  both  iron  and  organic  matter  is  never- red, 
but  always  blue  or  slate-colored,  because  the  iron  is  in  the  form  of 
ferrous  carbonate  and  ferrous  sulphate ;  but  the  same  clay  will  make 
good  red  brick,  because  by  burning  the  organic  matter  is  destroyed  and 
the  iron  peroxidized.  2.  In  red-clay  soils,  such  as  those  of  our  primary 
regions,  the  surface-soil,  especially  in  forests,  is  always  decolorized,  tlie 
coloring  of  peroxide  of  iron  being  washed  out  and  carried  deeper  by 
water  containing  organic  matter  derived  from  the  vegetable  mold. 
3.  In  sections  of  red  clay,  at  the  sides  of  gullies  or  railroad-cuttings, 
along  every  fissure  or  crevice  through  which  superficial  waters  per- 
colate, the  clay  is  bleached.  The  marbled  appearance  of  red  clays  is 
also  probably  due,  in  a  great  measure,  to  the  irregular  percolation  of 
superficial  waters  containing  organic  matter.  4.  The  under  clay  or 
sand  of  peat-bogs  is  usually  decolorized. 

We  will  hereafter  make  use  of  these  facts  and  principles  in  the  ex- 
planation of  beds  of  iron-ore. 

Section  .3. — Lime  Accumulations. 

Coral  Reefs  and  Islands. 

Interest  and  Importance. — The  subject  of  corals  and  coral  reefs  is 
one  of  much  popular  as  well  as  scientific  interest.  The  strange  forms 
and  often  splendid  colors  of  the  living  animals  ;  the  number  and  ex- 
treme beauty  of  the  coral  islands  which  gem  the  surface  of  certain 
seas ;  the  large  amount  of  habitable  land  which  owes  its  existence  to 
the  agency  of  these  minute  animals ;  the  fact  that  a  large  area,  prob- 
ably several  thousand  square  miles,  has  been  thus  added  to  our  own 
territory ;  the  great  dangers  connected  with  the  navigation  of  coral 
seas,  strikingly  displayed  on  our  own  coast  by  the  fact  that  the  consid- 
erable town  of  Key  West  is  almost  wholly  dependent  on  the  wrecking 
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business  for  its  existence — these  aiul  many  other  facts  invest  the 
subject  with  popular  interest,  while  the  great  importance  of  corals 
us  a  geological  agent  gives  the  subject  a  scientitic  interest  no  less 
stron<?. 

Coral  Polyp. — The  animal  which  secretes  coralline  stone  is  no 
insect,  as  generally  supposed,  but  belongs  to  one  of  the  lowest  divisions 
of  the  animal  kingdom,  viz.,  the  class  of  polyps.  Like  most  of  tiie 
lowest  animals,  it  is  composed  of  soft,  gelatinous,  and  almost  trans- 
parent tissue.  The  animal,  however,  has  the  power  of  extracting 
carbonate  of  lime  from  sea-water,  and  depositing  it  within  its  own 
body.  The  lime  carbonate  is  deposited  only  in  the  lower  portion  of 
the  animal,  leaving  thus  the  upper  part  and  the  tentacles  free  to  move. 
The  radiated  structure  of  the  polyp  is  perfectly  reproduced  in  the 
coralline  axis.  This  is  a  purely  vital  function,  having  no  more  con- 
nection with  volition  than  the  secretion  of  the  shell  of  an  oyster  or  the 
bones  of  the  higher  animals.  The  limestone  thus  deposited  within  the 
animal  constitutes  90  to  95  per  cent  of  its  whole  weight. 

Compound  Coral,  or  Corallum. — A  single  coral  polyp  is  very  small, 
but,  like  many  of  the  lower  animals,  it  has  the  power  of  multiplying 
indefinitely  by  buds  and  branches.  Thus  are  formed  compound  corals. 
These  may  branch  profusely,  and  then  may  be  called  coral-trees ;  or 
may  grow  in  hemispherical  masses,  and  are  then  called  coral-heads. 
Coral-trees  are  sometimes  six  or  eight  feet  high,  and  coral-heads  fifteen 
to  twenty  feet  in  diameter.  They  consist  of  millions  of  individual 
coral  polyps.  Only  the  upper  and  outer  portions  of  a  coral-tree,  and 
outer  portion  of  a  coral-head,  are  living ;  the  lower  and  interior  por- 
tions consist  only  of  coralline  lime-stone  without  life. 

Coral  Forests. — Coral  polyps,  however,  reproduce  not  only  by  bud- 
ding, but  also  by  eggs.  These  eggs  have  the  power  of  locomotion. 
As  soon  as  they  are  extruded,  they  swim  and  float  away,  and,  if  they 
fall  on  sea-bottom  favorable  for  their  growth,  they  soon  form  first  a 
coral  polyp,  and  finally  a  coral-tree  or  coral-head.  Thus  from  one 
coral-tree  other  coral- trees  spring  up  all  around  and  form  a  coral 
forest,  which  spreads  in  every  direction  where  they  find  conditions 
favorable. 

Coral  Reef. — Finally,  the  limestone  accumulation  of  thousands  of 
successive  generations  of  coral  forests  growing  and  dying  on  the  same 
spot,  together  with  the  shells  of  mollusks  and  the  bones  of  fishes  which 
live  in  ssvarms  pi'eying  on  the  corals,  the  whole,  of  course,  crowned 
with  the  living  forest  of  the  present  generation,  constitute  the  coral 
reef.  It  is  evident,  then,  that  a  reef  is  formed  somewhat  after  the 
manner  of  a  peat-bog.  As  a  peat-bog  represents  so  much  matter 
taken  from  the  air,  so  a  coral  reef  represents  so  much  matter  taken 
from  the  sea-water.    As  each  generation  adds  itself  to  the  ancestral 
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Fio.  118. 


fimeral-pile,  the  ground  upon  wliich  the  corals  grow  steadily  rises  until 
it  becomes  elevated  far  above  the  surrounding  sea-bottoni. 

Coral  Islands. — These  are  due  to  the  action  of  waves  upon  the 
coral  reefs.  We  have  already  seen  how  low  islands  are  formed  ou  sub- 
marine banks  by  this  ^   

agency.  Now,  reefs  are 
also  a  kind  of  subma- 
rine bank.  On  these, 
therefore,  islands  are 
also  formed  by  waves.  Fig.  118  represents  an  ideal  section  across  a 
reef,  as  it  would  be  if  no  wave-action  interfered,  I  I  being  the  sea-level. 
But  by  the  action  of  the  beating  waves  during  storms  large  masses  of 
reef-rock,  often  six  or  eight  feet  in  diameter,  or  great  coral-heads,  are 
broken  off  from  the  outer  or  seaward  side  of  the  reef  and  rolled  over 
to  the  leeward  side.  These  form  a  nucleus  about  which  collect  similar 
or  smaller  fragments,  and  among  these  still  smaller  fragments,  and 
these  again  are  filled  in  and  made  firm  with  coral-sand,  and  the  whole 
cemented  into  solid  limestone  rock  (breccia)  by  the  carbonate  of  lime 
in  the  sea-water. 

Islands  thus  formed,  like  all  wave-formed  islands,  are  low  (twelve 
to  fifteen  feet  high)  and  narrow  (one  quarter  to  one  half  mile  wide), 
but  long  in  the  direction  of  the  reef.    They  are  at  first  perfectly  bare, 

but  become  in  time  cov- 
ered with  vegetation,  and 
even  teeming  with  popula- 
tion. They  are  celebrated 
for  their  gem-like  beauty. 
The  final  result  is  shown 
in  ideal  section  in  Fig. 
119,  in  which  the  dotted  portion  is  reef-rock,  the  strong  waving  line 
the  surface  of  the  living  reef,  and  the  shaded  portion  the  island. 

Conditions  of  Coral  Growth. — Reef-building  corals  do  not  grow  in 
all  seas,  nor  over  the  whole  bottom  of  the  sea  indiscriminately,  but  are 
confined  to  certain  seas,  and  in  these  to  certain  spots  and  lines.  The 
conditions  of  the  growth  are  : 

1.  A  Winter  Temperature  of  68°. — This  condition  confines  them 
almost  entirely  to  the  torrid  zone.  The  most  marked  exception  to 
this  is  on  the  Florida  coast  and  the  Bahamas,  where  corals  extend  to 
5i8°  north  latitude,  and  in  the  Bermudas  to  32°  north  latitude.  This 
extension  of  the  usual  limits  of  reef-building  corals  is  due  to  the  warm 
tropical  waters  carried  northward  by  the  Gulf  Stream. 

2.  A  Depth  of  not  more  than  One  Hiindred  Feet. — This  condition 
confines  them  to  submarine  banks,  and  especially  to  the  shores  of  con- 
tiueuts  and  islands. 


Fig.  119. 
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3.  Clearness  and  SaUness  of  the  W  rt/ler.— On  account  of  tliis  condi- 
tion corals  will  not  grow  on  muddy  shores,  uor  olT  the  mouths  of 
rivers,  being  destroyed  by  the  fresh  and  muddy  water. 

4.  Free  Exposure  to  Waves. — Some  species  of  corals  grow  in  still 
water,  but  the  strongest  reef-building  species  delight  in  the  dash  of  the 
surf.  They  will  even  flourish  and  build  an  almost  perpendicular  wall 
in  breakers  which  would  wear  away  the  hardest  rock.  The  reason  is, 
that  the  immense  profusion  of  life  on  a  reef  rapidly  exhausts  the  water 
of  the  oxygen  necessary  for  respiration,  and  of  the  carbonate  of  lime 
necessary  for  their  stony  structure,  and  therefore  constant  change  of 
water  is  necessary. 

All  the  conditions  mentioned  above  apply  only  to  reef-building 
species.  Some  corals  live  in  temperate  regions,  some  in  very  deep 
water,  and  some  in  sheltered  places. 

Pacific  Reefs. — The  reefs  of  the  Pacific  Ocean  are  of  three  general 
kinds,  fringing  reefs.,  barrier  reefs,  and  circular  reefs  or  atolls. 
We  will  describe  these  in  the  order  mentioned. 

Fringing  Reefs. — In  the  tropical  Pacific  every  high  island  or  previ- 
ously-existing land  of  any  kind  is  surrounded  by  a  reef  which  attaches 
itself  to  the  shore-line,  and  extends  outward  on  every  side  just  beneath 
the  water-level,  as  far  as 
the  condition  of  depth 
will  allow,  thus  forming 
a  submarine  platform 
bordering  the  island  or 
other  land.  At  the  outer 
margin  of  this  platform 
the  bottom  drops  ofE  very  suddenly,  forming  a  slope  of  50°  to  60°,  and 
sometimes  almost  perpendicularly.  The  position  and  extent  of  the 
coral  platform  is  indicated  to  the  eye  of  the  observer  by  a  white  sheet 
of  breakers  which  surrounds  the  island  like  a  snowy  girdle,  and  ex- 
tends some  distance  from  the  shore-line  (Fig.  120).  The  section  Fisr. 
121  will  give  a  clear  idea  of  the  contour  of  land  and  sea-bottom.  In 
this  and  the  following  sections  the  dotted  parts  represent  coral  forma- 
tion. If  the  island  is  large,  and  considerable  rivers  flow  into  the  sea, 
breaks  in  the  reef  platform  will  occur  opposite  the  mouths  of  the 

rivers,  the  corals 
in  these  places 
being  destroyed 
by  the  fresh, 
muddy  waters. 
In  the  case  of 

fringing  reefs  no  islands  are  formed  by  the  action  of  waves,  but  only 
a  shore-addition  to  the  original  island,  as  shown  at  a  a  in  the  section. 


Fig.  l^'O. 


Fig.  121. 
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Fig.  122. 


Fia.  123. 


Barrier  Reefs.— lu  many  cases  besides  the  fringing  reef  there  is 
another  reef  surrounding  the  ishuid  like  a  submarine  rampart  at  the 
distance  of  from  ten  to  fifty  miles.    As  the  reef  rises  nearly  to  the 

surface  of  the  sea, 
its  position  is  indi- 
cated by  a  snowy  gir- 
dle of  breakers  sur- 
rounding the  island 
at  a  distance,  and 
this  snowy  girdle  is 
gemmed  with  wave- 
formed  green  islets.  Within  this  girdle,  and  between  the  rampart  and 
the  island,  there  is  a  ship-channel  twenty  or  thirty  fathoms  deep  (Fig. 
122).  Through  breaks  in  the  coral  rampart  ships  enter  this  channel 
and  find  secure  harbor 

in  a  stormy  sea.    The  j  

section  Fig.  123  will 
give  a  clear  idea  of 
the  conformation  of 
bottom.  On  the  land- 
ward side  of  the  coral  rampart  the  slope  of  the  bottom  is  gentle,  but 
on  the  seaward  side  it  is  very  steep,  so  that  it  is  almost  unfathomable 
at  a  short  distance  from  the  reef. 

Circular  Reefs  or  Atolls. — These  are  the  most  wonderful  of  the 

reefs  of  the  Pacific.  In 
a  circular  reef  there  is 
no  volcanic  island  or 
other  visible  land  to 
which  the  reef  is  at- 
tached. Imagine  a  cir- 
cular line  of  breakers 
like  a  snow-wreath  on  the  sea,  indicating  a  circular  submarine  ridge 
(the  coral  reef)  gemmed  as  before  with  wave-formed  islets ;  and  within 
the  circle  a  lagoon  of 

placid  water  twenty   

or  thirty  or  even 
sixty  *  fathoms  deep 
(Fig.  124).  It  is  a 
submarine  urn  stand- 
ing in  unfathomable 
water,  as  seen  in  the  section  Fig.  125. 


Fio.  124. 


Fig.  125 


Through  breaks  in  the  roof 


ships  enter  the  charmed  circle  and  find  safe  harbor.    By  means  of 


*  Sollas,  Nat.,  48,  676,  1893. 
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sounding  it  is  found  that  on  the  interior  or  lagoon  side  the  slope 
of  the  bottom  is  very  gentle,  but  on  the  outer  or  seaward  side  is 
very  steep,  often  50°  to  60°,  and  sometimes  in  places  almost  perpen- 

dicular  to  very 
great  depth. 
Fig.  126  gives 
a  perspective 
view,  and  Fig. 
127,  «,  a  map 
view,  of  an 
atoll,  showing 
the  irregular 
circular  form  of 
the  reef  and  the 
little  islands 

Fig.  126.-View  of  Whitsunday  Island.  whicll    gem  its 

surface. 

Small  Atolls  and  Lagoonless  Islands. — Besides  the  atolls  already 
described,  there  are  others,  evidently  of  similar  origin,  but  much 
smaller,  in  which  the  land  is  continuous.  Sometimes  the  continuous 
line  is  open  on  one  side 
(Fig.  127,  i),  and  the  lagoon 
is  still  in  connection  with 
the  open  sea.  Sometimes 
the  circle  of  land  is  com- 
plete, and  the  lagoon  is  iso- 
lated from  the  sea  (Fig. 
127,  c).  Sometimes  the 
lagoon  closes  up,  and  a  la- 
goonless island  is  the  result 
(Fig.  127,  d).  These  dif- 
ferent forms  graduate  into 
one  another  and  into  the 
typical  atoll. 


Fig.  127. 


Tlieories  of  Barrier  and  Circular  Beefn. 

Fringing  reefs  require  no  theory.  Corals  attach  themselves  to  the 
shore-line  because  they  find  there  the  depth  necessary  for  their  growth, 
and  they  extend  outward  until  they  are  limited  by  the  increasing 
depth.  But  there  is  a  real  difficulty  in  explaining  barriers,  for  they 
seem  to  rise  from  water  too  deep  for  coral-growth  ;  and  the  difficulty 
becomes  still  greater  in  the  case  of  circular  reefs  or  atolls,  for  these 
seem  to  have  no  connection  with  any  pre-existing  land,  but  to  grow  up 
from  an  unfathomable  bottom.    These  latter,  by  their  singularity  and 
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extreme  beauty,  have  always  attracted  the  attention  and  excited  the 
wonder  of  Paoidc  travelers ;  and  to  their  explanation  theories  have 
been  principally  addressed. 

Crater  Theory. — This  theory  supposes  that  an  atoll  is  an  extinct 
submarine  volcano,  the  lagoon  being  the  crater  and  the  reef  the  lip  or 
margin  of  the  crater;  tliat  corals  finding  on  this  circular  rim  the  con- 
ditions of  depth  necessary  for  their  growth,  occupy  and  build  upon  it 
to  the  surface  of  the  water,  after  which,  of  course,  waves  finish  the  work 
by  beating  up  the  islets.  The  incredible  supposition  that  thousands  of 
these  volcanoes  should  have  come  within  100  feet  of  the  surface,  and 
yet  none  of  them  appear  above  the  surface,  is  not  necessary ;  for  we 
may  suppose  that  many  of  them  were  originally  above  the  surface, 
but,  being  composed  of  ashes  and  cinders,  have  been  washed  down  by 
the  waves.  In  1831  a  volcano  burst  forth  in  the  Mediterranean  and 
quickly  formed  an  island  of  cinders  and  ashes,  called  Graham's  Island. 
In  a  few  months  this  island  was  entirely  washed  away  by  the  waves, 
and  only  a  circular  submarine  bank  remained.  If  corals  grew  in  the 
Mediterranean,  there  seems  no  reason  why  a  circular  reef  should  not 
have  been  formed. 

Objections. — Even  in  its  most  plausible  form,  however,  this  theory 
is  very  improbable  as  a  general  explanation  of  atolls :  1.  The  great  size 
of  some  of  these  atolls — thirty,  sixty,  and  even  ninety  miles  in  diam- 
eter; and,  2.  The  high  angle  of  the  slope  of  these  submarine  mount- 
ains— 50°  to  60°  or  more — seem  inconsistent  with  their  volcanic  origin. 
3.  This  theory  offers  no  explanation  of  the  barrier  reefs,  and  yet  it  is 
possible  to  trace  every  stage  of  gradation  between  barriers  and  atolls, 
showing  that  they  are  due  to  similar  causes. 

Subsidence  Theory  of  Darwin. — This  theory  explains  not  only  atolls, 
but  also  barriers,  and  connects  both  in  a  satisfactory  manner  with 
fringing  reefs.  It  supposes  that  the  sea-bottom,  where  atolls  and 
barriers  occur,  has  been  for  ages  subsiding,  but  at  a  rate  not  greater 
than  the  upward  building  of  the  coral-ground ;  that  every  reef  com- 
mences as  a  fringing  reef,  but,  in  the  progress  of  subsidence,  was  con- 
verted first  into  a  barrier  and  finally  into  an  atoll.  For,  as  the  vol- 
canic island  went  down,  the  corals  would  build  upward  on  the  same 
spot ;  and  as  the  island  would  become  smaller  and  smaller,  and  the 
corals  would  grow  faster  on  the  outer  side  of  the  reef,  where  they  are 
exposed  to  the  breakers,  it  is  evident  that  the  reef  would  become 
separated  from  the  island  by  a  ship-channel,  and  tlius  become  a  bar- 
rier. Finally,  when  the  island  disappears  entirely,  the  reef,  still  build- 
ing upward,  would  become  an  atoll.  These  changes  are  represented  in 
the  accompanying  section  (Fig.  128).  As  the  changes  are  relative, 
they  may  be  represented  cither  by  the  land  sinking  or  the  sea-level  ris- 
ing ;  for  the  sake  of  convenience  we  use  the  latter.    In  the  figure,  1"  l" 
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represents  the  sea-level  whou  the  reef  was  a  fringe,  V  V  when  it  was  a 
harrier,  and  1 1  the  present  sea-level,  when  it  has  become  an  atoll.  The 
ship-channel  and  the  lagoon,  though  always  lower,  rise  pari  passu  with 
the  reef  proper.  This  is  the  result  partly  of  the  growth  of  placid- 
(  water  species  of  corals,  and  partly  of  the  drifting  of  coral  debris  from 
the  reef,  and  detritus  from  the  volcanic  island.  It  is  seen  that  the 
corals  do  not  build  a  vertical  wall,  and  therefore  that  the  atoll  is  always 
smaller  than  the  coast-line  of  the  original  island.   Consequently,  if  the 


subsidence  continues,  a  typical  atoll  is  changed  into  a  small  closed 
lagoon,  and,  finally,  into  a  lagoonless  island.  These,  therefore,  indicate 
the  deepest  subsidence. 

Evidences. — 1.  This  theory  accounts  for  all  the  more  obvious  phe- 
nomena of  atolls,  such  as  their  irregular  circular  form,  their  size,  the 
steepness  of  their  outer  slopes,  etc.  2.  Every  stage  of  gradation  be- 
tween the  fringing  reef  on  the  one  hand,  and  the  atoll  on  the  other, 
has  been  traced  by  Dana,  strongly  suggesting  that  they  are  all  diffei'ent 
stages  of  development  of  the  same  thing.  We  have  in  the  Pacific 
some  high  islands,  which  are  surrounded  by  a  pure  fringing  reef ; 
others  in  which  the  reef  is  a  fringe  on  one  side  and  a  barrier  on  the 
other ;  others  in  which  the  barrier  is  one  mile,  two  miles,  five  miles, 
ten  miles,  twenty,  or  thirty  miles  distant ;  others  which  are  called 
atolls,  but  the  point  of  the  original  volcanic  island  is  still  visible  in 
the  middle  of  the  lagoon  ;  others  which  are  perfect  atolls,  but,  by 
sounding,  the  head  of  the  drowned  volcanic  island  is  still  detectable. 
The  next  step  in  the  series  is  the  perfect  atoll,  then  the  small  atoll, 
and,  finally,  the  lagoonless  coral  island.  These  last  kinds  show  that 
the  original  island  has  gone  down  deeply.  3.  By  grappling-hooks 
dead  coral-trees  have  been  broken  of?  and  brought  up  from  the 
ground  where  they  once  grew,  now  far  below  the  limiting  depth  of 
Goral-srrowth.  The  evidence  of  subsidence  in  this  case  is  of  the 
same  kind  and  force  as  that  derived  from  the  submerged  forest- 
ground  (page  143).  The  corals  have  been  carried  below  their  depth 
and  drowned.  4.  The  remarkable  distribution  of  the  various  kinds  of 
reefs  brought  to  light  by  Dana  is  satisfactorily  explained  by  this 
theory,  and  therefore  is  an  argument  in  its  favor.    In  the  middle  of 
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the  atoll  region  of  the  Pacific  there  is  a  Hank  area,  2,000  miles  long 
and  1,000  or  more  miles  wide,  where  there  are  no  islands.  Next  about 
this  is  an  area  in  which  S7nall  atolls  predominate  ;  about  this  again  the 
region  of  ordinary  atolls ;  beyond  this  the  region  mostly  of  barriers, 
and  finally  of  fringes.  Now,  by  this  theory  this  distribution  is  thus 
explained  :  The  sea- bottom  in  the  blank  area  has  gone  down  so  fast 
that  the  corals  have  not  been  able  to  keep  pace,  and  have  therefore 
been  drowned,  and  left  no  monument  of  their  existence.  In  the  next 
region  the  corals  have  been  able  to  keep  within  living  distance  of  the 
surface,  but  the  original  islands  have  not  only  disappeared,  but  gone 
down  to  great  depths.  In  the  next  the  original  high  islands  have 
disappeared,  but  not  gone  down  so  deep  ;  in  the  next  they  have  sunk 
only  to  the  middle.  The  fringing  reefs  stand  on  the  margin  of  the 
sinking  area.  Outside  of  this  again  there  is  in  some  places  even  evi- 
dence of  upheaval  instead  of  subsidence.  Raised  beaches  in  the  form 
of  fringing-reef  rocks  are  found  clinging  to  the  sides  of  high  islands 
many  feet  above  the  present  sea-level.  5.  In  some  places  this  sub- 
sidence seems  to  be  still  in  progress.  On  certain  coral  islands  sacred 
structures  of  stone  made  by  the  natives  are  now  standing  in  water,  and 
the  paths  worn  by  the  feet  of  devotees  are  now  passages  for  canoes 
(Dana).  According  to  this  view,  therefore,  an  atoll  is  the  site  of  a 
drowned  island. 

Murray's  Theory. — Eecently  serious  doubts  have  been  cast  on  Dar- 
win's subsidence  theory,  at  least  as  a  universal  explanation  of  barriers 
and  atolls.*  Mr.  Murray,  from  his  observations  during  the  voyage  of 
the  Challenger,  believes  that  barriers  and  atolls  may  be  explained  with- 
out subsidence  of  the  sea-floor.  An  outline  of  his  views  may  be  thus 
stated  :  1.  Submarine  banks  formed  in  any  way,  either  [a)  built  up  by 
accumulating  shells  of  successive  generations  of  marine  animals,  until 
within  the  reach  of  coral-growth  ;  or  {h)  by  volcanic  cinder  cones  cut 
down  by  the  waves  so  as  to  form  suitable  banks.  2.  The  bank  thus 
formed,  taken  possession  of  by  corals,  is  built  up  to  the  sea-level,  and 
thus  forms  a  small  island.  3.  The  coral-growth  is  confined,  or  at  least 
most  rapid,  on  the  outer  margin,  because  exposed  to  the  action  of  the 
sea.  Thus  arises  a  ring  with  blank  space  within.  4.  The  action  of 
waves  beats  these  rings  into  a  series  of  islets.  5.  Meanwhile  the  scour- 
ing action  of  currents  and  the  solvent  action  of  sea-water  scoops  out  the 
blank  area  into  a  more  or  less  deep  lagoon.  6.  The  action  of  waves 
breaking  the  living  coral  and  the  reef-rocks  forms  a  f/t7;?-/s-pi]e  or  talus, 
with  steep  outward  slope,  on  which  the  corals  continue  to  grow  sea- 


*  The  author  of  this  volume  believes  that  he  was  the  first  who  showerl,  in  the  case  of 
the  Florida  reefs,  how  barriers  may  bo  formed  without  subsidence.  American  Journal 
of  Science  and  Art,  vol.  xxiii,  p.  46,  January,  1857. 
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ward  into  deep  water.  Thus  the  coral  ring  continues  to  spread, 
like  a  fairy  ring,  by  growing  seaward  in  every  direction  and  dying 
behind.  7.  According  to  Darwin,  atolls  grow  continually  smaller; 
according  to  Murray,  tliey  grow  continually  larger.  According  to 
the  one,  the  lagoonless  islands  are  the  last  remnants  of  drowning 
islands ;  according  to  the  other,  they  are  the  beginnings  of  new 
islands. 

Barriers  are  similarly  explained.  They  commence  as  fringes,  which 
grow  seaward  as  far  as  depth  will  allow.  Then  the  corals  die  near 
the  shore,  and  this  part  is  scoured  out  into  a  channel.  Meanwhile  the 
reef  extends  seaward  on  its  own  talus,  and  the  channel  is  pari  j^assu 
widened. 

Perhaps  the  chief  objection  to  Murray's  views  is  the  depth  of  some 
lagoons  and  channels.  It  seems  improbable  that  the  solvent  and 
scouring  action  of  the  sea  should  extend  to  such  depth.  On  the  con- 
trary, the  lagoons  are  more  apt  to  fill  up  than  to  deepen  unless  by 
subsidence. 

In  the  present  condition  of  the  question  it  is  probable  that  there 
are  more  ways  than  one  in  which  barriers  and  atolls  may  be  formed, 
but  Darwin's  view  seems  still  to  hold  its  own  as  a  general,  though  not 
as  a  universal  theory. 

On  Darwin's  view,  of  course,  every  atoll  marks  the  site  of  a  sunken 
volcanic  island.  It  will  be  interesting,  therefore,  to  make  some  esti- 
mates based  on  this  view. 

Area  of  Land  Lost. — Probably  several  hundred  thousand  square 
•miles  of  habitable  high  land  has  been  lost  by  this  subsidence.  The 
actual  extent  of  atolls  known  is  at  least  50,000  square  miles.  But  this 
is  far  less  than  the  loss  of  high  land.  For — 1.  It  is  certain  that  the 
area  of  an  atoll  is  always  less  than  that  of  the  original  fringe  or  base 
of  the  original  high  island,  for  the  outer  wall  of  an  atoll  is  not  per- 
pendicular. The  contraction  continues  as  the  subsidence  progresses, 
until  small  atolls  or  only  lagoonless  islands  remain.  2.  An  immense 
lost  area  is  represented  by  the  space  between  barriers  and  their  high 
islands.  The  great  Australian  barrier  extends  along  that  coast  1,100 
miles,  at  an  average  distance  of  thirty  miles,  with  a  ship-channel  be- 
tween of  thirty  to  sixty  fathoms  deep.  This  single  barrier,  therefore, 
represents  a  lost  land-area  of  33,000  square  miles.  3.  In  the  blank 
area  already  spoken  of,  probably  many  islands  went  down,  and  left  no 
record  behind. 

The  large  amount  of  high  hind  thus  lost  has  been  replaced  only 
to  a  small  extent  by  the  wave-formed  coral  islets  on  the  reefs. 

Amount  of  Vertical  Subsidence.— The  amount  of  subsidence  may  be 
estimated  by  the  distance  of  barriers  from  their  high  islands,  or  by 


THEGIIIES  OF  BARRIER  AND  CIRCULAR  REEFS. 


161 


soiiTidings  off  atolls,  to  ascertain  the  height  of  these  coral  mounds, 
or  by  the  average  height  of  the  high  islands  of  the  Pacific.  1.  The 
average  slope  of  the  high  islands  of  the  Pacific  is  about  8°.  Now,  as- 
suming this  slope  (Fig.  129),  a  barrier,  d,  at  the  distance  of  five  miles 


would  be  3,700  feet  thick,  and  would  represent  a  subsidence  nearly  to 
that  extent  (Bad.  :  tan.  8°  : :  ad:  db);  a  distance  of  ten  miles  would 
represent  a  vertical  subsidence  of  7,400  feet.  Many  barriers  are  at 
much  greater  distance.  2.  Off  Keeling  atoll,  6,600  feet,  a  line  of 
7,200  feet  found  no  bottom  (Darwin).  Near  other  atolls  a  depth  of 
3,000  feet  has  been  found  (Dana).  3.  The  average  height  of  the 
high  islands  of  the  Pacific  can  not  be  less  than  9,000  feet  (Dana) ; 
some  of  them  reach  nearly  14,000  feet.  It  is  very  improbable  that, 
among  the  hundreds  of  atolls  known,  not  one  of  their  high  islands 
should  have  reached  the  average  elevation  of  9,000  feet.  Yet  these 
have  entirely  disappeared,  and  not  only  so,  but  the  small  atolls  and 
lagoonless  islands,  and  more  especially  the  blank  area,  would  seem  to 
indicate  that  they  have  disappeared  to  great  depths.  For  these 
reasons,  it  is  almost  certain  that  the  extreme  subsidence  has  been  at 
least  9,000  feet.  We  will  take  10,000  feet  as  the  most  probable  ex- 
treme subsidence. 

Rate  of  Subsidence. — The  rate  of  subsidence  may  have  been  to  any 
degree  less,  but  can  not  have  been  greater,  than  the  i-ate  of  coi'al 
groitnd-rising  ;  for  otherwise  the  corals  would  have  been  carried  be- 
low their  depth  and  drowned.  It  is  difficult  to  estimate  the  I'ate  of 
coral  ground-rising,  but  the  only  basis  of  such  estimate  is  the  rate  of 
coral-growth.  Of  the  observations  on  this  point  we  select  two,  one  of 
them  on  the  head-coral  (meandrina),  the  other  on  the  staghorn-coral 
(madrepore)  : 

1.  On  the  walls  of  the  fort  at  the  Tortugas,  Florida,  meandrina 
commenced  to  grow,  and  in  fourteen  years  the  crust  had  become  only 
one  inch  thick.  Agassiz  takes  one  inch  in  eight  years  as  a  probable 
rate  under  favorable  circumstances.  This  would  be  one  foot  in  a  cen- 
tury. As  this  is  a  head-coral,  the  coral-growth  may  be  taken  as  the 
measure  of  the  reef  ground-rising. 

2.  In  examining  the  reefs  about  the  Tortugas  in  the  winter  of  1851, 
an  extensive  grove  of  madrepore  was  found  in  the  comparatively  still 
water  on  the  inside  of  the  outer  reef,  in  which  the  thick-set  prongs 
had  grown,  year  after  year,  to  the  same  level,  and  were  successively 
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killed.  The  mean  level  of  the  water  here  is  lower  during  the  winter, 
by  about  a  foot,  than  during  the  summer.  Tlie  falling  of  the  water 
annually  clips  this  grove  at  the  same  level.  Now  all  the  prongs  at 
this  level  were  dead  for  about  three  inches.  Evidently,  therefore,  this 
is  the  annual  growth  of  madrepore-prongs.*  But  in  branching  corals 
the  rate  of  point-growth  is  very  dilTerent  from  the  rate  of  ground- 
rising.  If  all  the  points  of  a  madrepore  be  cut  off  three  inches,  then 
ground  into  powder,  and  the  powder  strewed  evenly  over  the  ground 
shaded  by  the  coral-tree,  the  elevation  thus  produced  would  correctly 
represent  the  annual  rate  of  reef  ground-rising  for  this  species.  A 
quarter  of  an  inch  would  probably  be  a  full  estimate.  This  would 
make  two  feet  for  a  century.  One  foot  to  two  feet  per  century  is, 
therefore,  probably  about  the  rate  at  which  coral  ground  rises.  As 
already  stated,  the  rate  of  subsidence  may  be  less,  but  can  not  be 
greater,  than  this. 

Time  involved. — At  this  rate  10,000  feet  of  vertical  subsidence  would 
require  500,000  to  1,000,000  years.  How  much  of  this  belongs  to  the 
present  geological  epoch  it  is  impossible  to  say.  Dead  corals,  indentical 
with  those  still  living  on  the  reefs,  have  been  brought  up  from  a  depth 
of  250  feet,  but,  as  this  is  only  150  feet  below  the  limit  of  coral-growth, 
it  would  require  only  75  to  150  centuries.  The  process  probably  com- 
menced in  previous  geological  epochs,  and  has  continued  to  the  pres- 
ent time.  This  is,  therefore,  an  admirable  example  of  geological  agen- 
cies still  at  work. 

Geological  Application. — The  facts  brought  out  in  the  preceding 
pages  are  of  great  importance  in  geology. 

1.  We  have  here  the  most  magnificent  example  of  subsidence  still 
in  progress.  The  subsiding  area  has  not  been  accurately  defined,  but 
it  probably  covers  nearly  the  whole  of  the  intertropical  Pacific.  Ac- 
cording to  Dana,  estimated  by  the  atolls  alone,  it  is  6,000  miles  long 
and  2,000  miles  wide  ;  but  if  we  take  into  account  also  barriers^  which 
are  equally  certain  evidences  of  subsidence,  it  extends  east  and  west 
from  the  extreme  of  the  Paumotu  group  on  the  one  side  to  the  Pelews 
on  the  other,  and  north  and  south  from  the  Hawaiian  group  to  the 
Feejees,  making  an  area  of  not  less  than  20,000,000  square  miles. 
Now,  it  is  evident  that  there  must  have  been,  as  a  correlative  of  this 
extensive  and  permanent  downward  movement,  an  equally  extensive 
permanent  elevation  of  the  earth's  crust  somewhere  else.  Dana  thinks 
its  correlative  is  found  in  the  extensive  elevations  of  the  Glacial  epoch, 
and  therefore  that  the  whole  work  was  accomplished  since  the  Ter- 
tiary.   But  it  is  more  probable  that  this  correlative  is  found  in  the 


*  See  full  account  of  these  observations  in  Americnn  Journal  of  Science  and  Arts, 
vol.  X,  p.  34. 
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gradual  bodily  upheaval  of  the  whole  western  side  of  the  continent, 
especially  in  the  Ilocky  Mountain  region,  which  commenced  after  the 
Cretaceous. 

2.  We  have  here  the  formation  of  limestone  rocks  of  various  kinds 
going  on  before  our  eyes  over  immense  areas  and  several  thousand  feet 
iu  thickness,  and  we  learn  thus  that  limestones  are  of  organic  origin. 

3.  The  character  of  the  rocks  thus  formed  is  very  interesting  to 
the  geologist.  In  some  places,  as  we  have  already  seen,  it  is  a  coarse 
conglomerate,  or  breccia^  composed  of  fragments  of  all  sizes  cemented 
together  {island-rock) ;  in  some  places  it  is  made  up  eatirely  of  rounded 
granules  of  coralline  limestone  {coral-sand),  cemented  together  {shore- 
rock),  and  forming  a  peculiar  oolitic  rock  (wov  At19os,  egg-stone).  But 
the  larger  portion  of  the  reef  ground  is  a  fine  compact  limestone,  made 
up  of  comminuted  coralline  matter  {coral  mud),  cemented  together 
{lagoon-rock).  This  fine  coral  mud  is  carried  by  waves  and  tides  into 
the  lagoon,  and  serves  to  raise  its  bottom  :  it  is  also  carried  by  currents 
and  distributed  widely  over  the  neighboring  sea-bottoms.  Soundings 
in  coral  seas  bring  up  everywhere  this  final  coral  mud,  showing  that 
compact  limestone  is  now  forming  over  wide  areas  in  coral  seas. 

The    reef-rock,  as   

already  stated,  has 
been  found  clinging 
to  the  sides  of  high 
islands,  having  been 
elevated  many  feet 
above  sea-level ;  in 
other  cases  atolls 
have  been  elevated 
250  feet  above  the 
sea-level.  The  struc- 
ture of  the  reef-rock 
has  thus  been  ex- 
posed to  view.  In 
some  places  it  con- 
tains imbedded  re- 
mains of  corals  and 
shells,  but  in  other 
parts  it  is  entirely 
destitute  of  these 
remains. 


Fig.  130  —Map  of  Florida  with  ite  Keys  and  Reefs  :  a.  southern 
coapt:       keys;  a",  liviiig  reef;  <".  Everglades;  e',  shoal  water; 
e",  ship-channel;  (?  S  6','Gulf  Stream. 


Reefs  of  Florida. 

The  reefs  of  Florida  deserve  a  brief  separate  notice,  both  because 
they  are  different  from  those  of  the  Pacific,  having  been  formed  under 
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different  conditions,  and  because  they  are  much  more  efficient  agents 
in  land-making,  and  illustrate  in  a  striking  manner  how  diilerent 
agencies  co-operate  for  this  purpose.  The  process  has  been  accurately 
observed. 

Description  of  Florida.— Fig.  130  is  a  map  of  Florida,  with  its  reefs 
and  keys,  and  Fig.  131  is  a  section  along  the  line  N  S.  The  southern 
coast  (fl  a)  is  ridge,  elevated  twelve  to  fifteen  feet  above  the  sea-level, 
within  which  is  the  Everglades  (e)  an  extensive  fresh-water  swamp 
only  two  or  three  feet  above  sea-level,  and  dotted  over  with  small 
islands  called  Immmochs.    Between  the  southei-n  coast  {a  a)  and  the 


Fig.  131.— Section  of  same  along  line  N  8.   Letters  indicate  the  same.  The  dotted  lines  show  sup- 
posed previous  conditions. 

line  of  keys  {a'  a')  the  water  (e')  is  very  shallow,  only  navigable  to 
smallest  fishing-craft,  and  dotted  over  with  small  low  mangrove  islands. 
A  considerable  portion  of  this  area,  in  fact,  forms  mud-flats  at  low  tide. 
Between  the  line  of  keys  («'  a')  and  the  living  reef  {a"  a")  there  is  a 
ship-channel  (e")  five  to  six  fathoms  deep.  Outside  the  reef  {a"  a")  the 
bottom  slopes  rapidly  into  the  almost  unfathomable  abyss  of  the  Gulf 
Stream  {G  S  S). 

General  Process  of  Formation. — ISTow,  Agassiz*  has  proved  that 
not  only  the  living  reef  but  the  keys,  the  southern  coast,  and  the  pen- 
insula, certainly  as  far  north  as  the  north  shore  of  the  Everglades 
[d  d),  and  probably  on  the  east  side  as  far  north  as  St.  Augustine  (r/'), 
have  been  formed  by  coral  agency.  The  evidence  of  this  important 
conclusion  is  that  the  rock  in  all  these  parts  is  identical  with  the  reef- 
rock  already  described,  and  with  what  is  even  now  forming  under  our 
eyes  on  the  living  reef  {a"  a").  It  is,  moreover,  almost  certain  that 
the  peninsula  of  Florida  has  been  progressively  elongated  by  the  for- 
mation of  successive  barrier  reefs,  one  outside  of  the  other,  from  the 


*  Coast  Survey  Report  for  1861,  p.  145  ct  seq. 
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north  toward  the  south,  and  the  successive  filling  up  of  the  intervening 
ship-channels,  probably  by  coral  debris  from  the  reef  and  sediments 
from  the  niaiuland.  • 

History  of  Changes. — The  history  of  changes  was  as  follows :  There 
was  a  time  when  the  north  shore  of  the  Everglades  {d  d)  was  the 
southern  limit  of  the  peninsula.  At  that  time  the  ridge  {a  a)  which 
now  forms  the  south  shore  was  a  reef.  Upon  this  reef  by  the  action 
of  waves  was  gradually  formed  a  line  of  coral  islands,  which  finally 
coalesced  into  a  continuous  line  of  land,  and  by  the  filling  up  of  the 
intervening  ship-channel  was  added  to  the  peninsula,  the  ship-channel 
being  converted  into  the  present  Everglades.  In  the  mean  time 
another  reef  was  formed  in  the  position  of  the  present  line  of  keys. 
This  has  already  been  converted  into  a  line  of  wave-formed  islands, 
and  its  ship-channel  into  shoal  water  and  mud-flats.  Eventually  the 
peninsula  will  be  extended  to  the  line  of  keys,  and  the  shoal  water  (e') 
will  become  another  Everglades  and  the  mangrove  islands  its  hum- 
mocks. Already. another  reef  has  been  again  formed  outside  the  last, 
viz.,  the  present  living  reef  {a"  a"),  and  upon  it  the  process  of  island- 
formation  has  commenced.  This  will  also  be  eventually  converted 
into  a  line  of  keys,  into  a  continuous  line  of  land,  and  be  added  in  its 
turn  to  the  peninsula.  It  is  not  probable  that  another  reef  will  be 
formed  outside  of  this,  for  the  bottom  slopes  rapidly  under  the  Gulf 
Stream,  as  seen  in  the  section  Fig.  131.  In  this  process  each  reef  dies 
when  another  is  formed  beyond  it,  for  the  water  being  protected  by  the 
outside  reef  becomes  placid  or  lagoon  water,  and  the  strong  reef-build- 
ing species  no  longer  flourish. 

North  of  the  line  d  d  the  evidence  is  of  the  same  kind,  but  less 
complete.  True  reef-rock,  similar  to  that  now  forming  on  the  reef, 
has  been  found  at  various  points  as  far  north  as  St.  Augustine,  on  the 
eastern  shore.  The  western  shore  and  interior  are  less  known. 
Tuomey  in  1850  traced  the  Eocene  on  the  west  side  as  far  as  Tampa,* 
and  Smith  in  1880  even  to  the  north  shores  of  the  Everglades.f  The 
heavily  shaded  part,  therefore,  gives  the  probable  outline  of  the  pen- 
insula at  the  end  of  the  Tertiary.  If,  however,  as  asserted  by  Agassiz, 
superficial  patches  of  coral,  of  species  identical  with  those  still  on  the 
reefs,  are  found  over  this  region,  there  must  have  been  at  least  a  tem- 
porary submergence  during  the  Quaternary. 

Mangrove  Islands. — Mangrove-trees  co-operate  in  an  interesting 
manner  with  corals  in  the  process  of  land-formation.  These  trees 
form  dense  jungles  on  the  low,  muddy  shores  of  tropical  regions. 
They  are  very  abundant  on  the  shores  of  Florida.    They  have  the  rc- 


*  American  Journal  of  Science,  vol.  i,  p.  390,  1860. 
f  Ibid.,  vol.  xxi,  p.  292,  1881. 
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inarkable  power  of  throwing  out  aerial  roots  from  their  trunks  and 
branches,  thus  forming  subordinate  connections  with  the  ground  or 
with  tlie  bottom  of  sliallow  water.  From  these  may  spring  other 
trunks,  which  throw  out  similar  roots,  etc.  Thus  an  inextricable  en- 
tanglement of  roots  and  branches  continues  to  extend  far  beyond  the 
actual  shore-line.  These  form  a  nidus  for  the  detention  of  sediments, 
and  protect  them  from  the  action  of  waves ;  and  the  shore-line  thus 
steadily  advances. 

The  seeds  of  the  mangrove  have  also  the  faculty  of  shooting  out 
long  roots  and  stems,  even  while  still  attached  to  the  parent  tree. 
These  sprouted  seeds,  falling  into  the  water,  float  away,  and  if  their 
roots  touch  bottom  immediately  fix  themselves,  grow  into  mangrove- 
trees,  and  commence  multiplying  in  the  manner  described.  Thus  in 
the  shoal  water  (e')  are  found  mangrove  islands  in  which  there  is  no 
land,  but  only  a  mangrove  forest,  standing  above  water  by  means  of 
their  interlaced  roots.  By  these,  however,  sediments  are  detained,  and 
a  true  island  is  speedily  formed.  It  is  in  this  way  thjit  the  small  man- 
grove islands  in  the  shoal  water  on  the  south  and  west  of  Florida  are 
formed.  They  are  entirely  different  from  the  wave-formed  coral  isl- 
ands or  keys.  The  hummocks  in  the  Everglades  have  probably  a  simi- 
lar origin,  although  some  of  them  may  possibly  be  of  coral  origin. 

Florida  Reefs  compared  with  other  Reefs, — In  comparing  the  reefs 
just  described  with  other  reefs,  it  will  be  seen  that  the  former  are 
unique  in  two  respects. 

1.  No  other  reefs  continuously  malce  land.  In  fringing  reefs  there 
is  a  small  accretion  about  the  shore-line  of  the  previously-existing  land, 
but  this  process  is  quickly  limited.  In  barriers  and  atolls,  accoi'ding 
to  Darwin,  there  is  always  loss  of  land,  only  a  small  fraction  of  which 
is  recovered  by  coral  and  wave  agency.  But  under  these  agencies 
Florida  has  steadily  advanced  southward  more  than  100  miles,  and  the 
area  thus  added  to  the  continent  is  at  least  10,000  square  miles.  It 
seems  utterly  impossible  to  account  for  this,  except  by  supposing  some 
other  agency  at  work  preparing  the  ground  for  the  growth  of  success- 
ive reefs. 

Probable  Agency  of  the  Gulf  Stream.— Since  corals  can  not  grow  in 

water  more  than  sixty  to  one  hundred  feet  deep,  it  is  evident  that,  un- 
less subsidence  goes  on  pari  passti  with  the  growth  of  the  corals,  a 
coral  formation  can  not  be  more  than  one  hundred  feet  thick.  But 
there  is  no  evidence  of  subsidence  on  tlie  coast  or  keys  of  Florida. 
On  the  contrary,  the  height  of  these  jyarts  is  preciseli/  the  usual  heifjht 
of  tuave-formed  islands^  althoufjh  no  longer  exposed  to  their  action.  It 
follows,  therefore,  that  the  corals  must  have  built  upon  an  extensive 
submarine  bank,  produced  by  some  other  agency.  Furthermore,  since 
the  reefs  were  formed  successively  one  beyond  another,  it  is  evident 
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that  there  must  have  been  a  progressive  formation  of  this  bank  from 
the  north  toward  the  south,  llie  dotted  lines  (Fig.  131)  show  suc- 
cessive positions  of  the  bank  of  the  reefs.  Such  a  progressive  exten- 
sion of  a  bank  can  only  be  formed  by  sedimentary  deposit.  It  is 
almost  certain  that  in  some  way  the  Gulf  Stream  is  connected  with 
this  sedimentary  accumulation.  It  is  to  this  agency,  therefore,  that 
we  attribute  the  formation  and  extension  of  the  bank  upon  which 
the  corals  grow. 

At  one  time  *  the  writer  thought  that  the  bank  was  formed  and  ex- 
tended by  mechanical  sediments  brought  by  the  Gulf  Stream,  and  de- 
posited on  the  inner  side  of  its  curve  ;  but  Alexander  Agassiz  has 
shown  f  that  the  sediments  are  more  probably  organic,  and  the  bank 
was  formed  partly  by  such  sediments  brought  by  the  Gulf  Stream 
from  other  coral  banks  in  the  Caribbean  Sea,  but  mostly  built  up  in 
situ  by  the  accumulation  of  shells  of  successive  generations  of  deep- 
sea  animals,  the  Gulf  Stream  bringing  only  the  conditions  of  rapid 
growth  in  the  form  of  warmth  and  abundant  food. 

It  is  probable,  therefore,  that  the  southern  portion  of  the  peninsula 
of  Florida  is  due  to  the  co-operation  of  four  or  five  dilierent  agencies, 
viz.  :  1.  The  Gulf  Stream  building  up  a  submarine  bank  to  the  dotted 
line  n'  n',  Fig.  131,  within  100  feet  of  the  surface ;  2.  Then  corals 
building  up  to  the  surface  ;  3.  Then  waves  raising  it  twelve  to  fifteen 
feet  above  the  surface  ;  4.  And,  finally,  debris  from  the  peninsula,  on 
the  one  side,  and  the  reef  and  keys  on  the  other,  filling  up  the  inter- 
vening channels,  and  afterward  raising  the  level  of  the  swamps  or 
Everglades  thus  formed  ;  5.  In  this  last  process  the  mangrove-trees 
have  assisted. 

3.  The  reefs  of  Florida  are  barrier  reefs.  Barriers  are  usually  sup- 
posed to  indicate  subsidence.  Tlie  Pacific  barriers,  according  to  Dar- 
win, commenced  as  fringes  and  became  barriers  by  subsidence.  But 
in  Florida  there  has  been  no  subsidence.  They  did  not  commence  as 
fringes.  The  probable  explanation  is  this  :  Corals  will  not  grow  in 
muddy  water.  On  a  gently-sloping  shore  with  mud  bottom,  such  as 
probably  always  existed  on  the  southern  shore  of  Florida,  a  fringing 
reef  could  not  form,  because  the  bottom  would  be  always  chafed  by  the 
waves  and  the  water  rendered  turbid.  But  at  a  distance  from  shore, 
on  the  edge  of  the  bank,  where  such  a  depth  was  attained  that  the 
waves  no  longer  chafed  the  bottom,  a  barrier  would  form,  limited  on 
the  one  side  by  the  muddiness,  and  on  the  other  by  the  depth,  of  the 
water.  Also  the  proximity  of  the  Gulf  Stream,  carrying  warmth  and 
food,  would  contribute  to  the  same  result. 


*  American  Journal  of  Science,  Second  Series,  vol.  xxiii,  p.  46,  1857. 
f  Memoirs  of  the  American  Academy  of  Science,  vol.  xi,  p.  107. 
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It  will  be  observed  that  this  view  of  the  formation  of  barriers  differs 
from  both  that  of  Darwin  and  that  of  Murray.  It  has  been  adopted 
by  Captain  Guppy  for  some  of  the  barriers  of  the  Pacific* 

Shell-Deposits. 

Elvers  carry  carbonate  of  lime  in  solution  to  the  sea  (p.  83).  In 
some  bays,  where  large  quantities  of  this  material  are  carried  by  rivers 
running  through  limestone  countries,  the  excess  . may  be  deposited  as  a 
chemical  deposit.  But  in  most  cases  sea-water  contains  less  lime-car- 
bonate than  river-water.  The  reason  is,  that  the  lime-carbonate  in  sea- 
water  is  continually  being  drafted  upon  by  organisms  and  deposited  on 
their  death  as  organic  limestones.  We  have  already  shown  how  coral 
limestone  is  thus  formed.  But  there  are  many  other  limestone-form- 
ing animals,  and  some  species  form  other  kinds  of  deposits  besides 
limestone. 

Molluscous  Shells. — Shalloiu-ivater  deposits  of  this  kind  are  made 
principally  by  mollusca  which,  living  in  immense  numbers  near  shore 
and  on  submarine  banks,  leave  their  dead  shells  generation  after  gener- 
ation, and  thus  form  sometimes  pure  shelly  deposits,  and  sometimes 
shells  mingled  with  sediments  due  to  other  agencies.  On  quiet  shores 
the  shells  are  quite  perfect,  whether  imbedded  in  mud  or  forming 
shell-banks  like  our  oyster  banks  ;  but  when  exposed  to  the  action  of 
breakers,  they  are  broken  into  coarse  fragments,  or  even  comminuted, 
worn  into  rounded  granules,  and  cemented  into  shell-rock  or  oolitic 
rock.  Such  shell-rock  and  oolitic  rock  are  now  being  formed  on  the 
coast  of  the  Florida  keys  and  of  the  West  Indies.  Similar  rock  is 
found  in  every  part  of  the  world  in  the  interior  of  continents.  They 
indicate  the  existence  in  these  places  of  a  shore-line  or  of  shallow 
water  in  some  previous  geological  epoch. 

Microscopic  Shells. — Microscopic  plants  and  animals  are  known  to 
multiply  in  numbers  with  almost  incredible  rapidity.  Many  of  them 
form  no  shell,  and  therefore  are  of  no  geological  importance ;  but 
many  species  form  shells  of  silica  or  of  carbonate  of  lime,  and  these  of 
course  accumulate  generation  after  generation,  until  important  de- 
posits are  formed. 

Fresh-water  Deposits. — In  streams,  ponds,  lakes,  and  hot  springs, 
the  beautiful  siliceous  shells  of  diatoms  (uni-celled  plants)  accumulate 
without  limit.  The  ooze  at  the  bottom  of  clear  ponds,  or  lakes,  as, 
for  example,  in  the  deepest  parts  of  Lake  Tahoe,  consists  often  wholly 
of  these  shells.  Diatoms  live  also  in  great  numbers  in  the  hot  springs 
of  California,  Nevada,  and  Yellowstone  Park,  and  the  deposits  of 
such  springs  sometimes  consist  wholly  of  these  shells,  and  in  Yellow- 

*  Nature,  vol.  xxxv,  p.  11,  1886. 
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stone  Park  cover  many  square  miles,  and  are  five  to  six  feet  thick.* 
Tiiick  strata,  belonging  to  earlier  geological  times,  are  found  wholly 
composed  of  diatoms.  We  are  thus  able  to  explain  the  formation  of 
these  strata. 

Deep-sea  Deposits. — Over  nearly  all  the  bottom  of  deep  seas,  be- 
yond the  reach  of  sedimentary  deposits,  we  find  a  white,  sticky  ooze, 
composed  of  the  carbonate-of-lime  shells  of  microscopic  animals  (fora- 
miuifers),  Fig.  132,  and  microscopic  plants  (coccospheres).     Some  of 


Fig.  132.— Shells  of  Living  Foraminifera  :  a,  Orbulina  vniversa.  in  its  perfect  condition,  showing 
the  tubuUir  spines  which  radiate  from  tlie  surface  of  the  shell ;  b.  Globirienna  bulloides,  in  its 
ordinary  condition,  tlie  thin  hollow  spines  which  are  attached  to  the  shell  when  perfect  having 
been  broken  off;  c,  Textularia  variabilis  ;  d,  Peneroplis  planattis  ;  e.  Jioialia  concamerata  ;  f, 
Cnstellaria  subarcuatula.  Fig.  a  is  after  Wyville  Thomson;  the  others  are  after  Williamson. 
All  the  figures  are  greatly  enlarged  (after  Nicholson). 

these  seem  to  be  living,  or  recently  dead  ;  some  dead  and  empty,  but 
still  perfect ;  but  most  of  them  completely  disintegrated.  On  account 
of  the  great  abundance  of  the  shells  of  one  form  of  foraminifera,  this 
soft,  white  mud  is  called  glohigeriiia  ooze.  Mingled  in  considerable 
numbers  among  the  calcareous  shells  are  others  of  silica.  These  are 
also  partly  animals  (radiolaria)  and  partly  plants  (diatoms).  The  ex- 
traordinary resemblance  of  this  deep-sea  ooze,  both  in  chemical  and 
microscopic  character,  to  chalk,  leaves  no  room  for  doubt  that  chalk 
was  formed  in  this  way. 


*  Weed,  Botanical  Gazette,  May,  1889. 


PAET  II. 
STRUCTURAL  GEOLOGY. 


We  have  thus  far  studied  causes  now  in  operation  or  dynamical 
principles.  We  now  study  the  structure  of  the  earth  (which  is  the 
effect  of  the  same  accumulated  throughout  all  geological  time),  and 
the  appUcatioti  of  the  foregoing  principles  in  its  explanation.  The 
subject  of  this  part,  therefore,  is  both  structural  and  dynamical  ge- 
ology. 


CHAPTER  I. 
GENERAL  FORM  ANB  STRUCTURE  OF  THE  EARTH. 

1.  Form  of  the  Earth. 

The  general  form  of  the  earth  is  that  of  an  oblate  spheroid  flat- 
tened at  the  poles,  or,  more  definitely,  an  ellipsoid  of  revolution  on  the 
minor  axis.  The  polar  diameter  is  less  than  the  equatorial  diameter 
by  about  twenty-six  miles,  or  about  of  the  mean  diameter.*  The 
highest  mountains,  being  only  five  miles  high,  do  not  interfere  greatly 
with  the  general  form. 

This  form,  being  precisely  that  which  a  fluid  body  revolving  freely 
would  assume,  has  been  regarded  by  many  of  the  most  distinguished 
physicists  as  conclusive  evidence  of  the  former  fluid  condition  of  the 
earth.  The  argument  may  be  stated  as  follows :  1.  A  fluid  body 
standing  still,  under  the  influence  only  of  its  owji  molecular  or  gravi- 
tating forces,  would  assume  a  perfectly  spherical  form  ;  but,  if  rotating, 
the  form  which  it  would  assume,  as  the  only  form  of  equilibrium,  is 
that  of  an  oblate  spheroid,  with  its  shortest  diameter  coincident  with 
the  axis  of  rotation.  Now,  this  is  precisely  the  form  not  only  of  the 
earth,  but,  as  far  as  known,  of  all  the  planetary  bodies.    2.  In  an  ob- 

*  More  exactly  Tg'jrri  Pbilosophioal  Magazine,  vol.  x,  p.  121,  1880. 
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late  spheroid  of  rotation  the  oblateness  increases  with  the  rapidity  of 
rotation.  Now,  Jupiter,  which  turns  on  its  axis  in  ten  hours,  is  much 
more  oblate  than  the  earth.  The  flattening  of  the  earth  is  only  about 
-j^^  of  its  diameter,  while  that  of  Jupiter  is  about  3.  The  forms 
of  the  earth  and  of  Jupiter  have  been  calculated;  the  data  of  calcu- 
lation being  the  former  fluidity,  the  time  of  rotation  and  an  assumed 
rate  of  increasing  density  from  surface  to  center ;  and  the  calculated 
form  comes  out  nearly  the  same  as  the  measured  form. 

The  force  of  this  argument,  however,  has  been,  to  say  the  least, 
greatly  exaggerated.  The  oblateness  of  the  earth  and  planets,  as  has 
been  shown  by  Playfair  and  Herschel,*  only  proves  that  they  have 
assumed  their  form  under  the  influence  of  rotation — that  they  are 
spheroids  of  rotation — but  not  that  they  have  ever  been  in  a  fluid  con- 
dition. For  since  a  rotating  body,  whatever  be  its  form,  always  tends 
to  assume  an  oblate  spheroid  form,  and  since  the  materials  on  the  sur- 
face of  the  earth  are  in  continual  motion,  being  shifted  hither  and 
thither  under  the  influence  of  atmospheric  and  aqueous  agencies,  it  is 
evident  that  the  final  and  total  result  of  such  motions  must  be  in  the 
course  of  infinite  ages  to  bring  the  earth  to  the  only  form  of  equilib- 
rium of  a  rotating  body,  viz.,  an  oblate  spheroid.  If,  for  example,  the 
earth  were  a  rigid  sphere,  standing  still  and  covered  with  water,  and 
then  set  rotating,  the  waters  would  gather  into  an  equatorial  ocean, 
and  the  land  be  left  as  polar  continents.  But  this  condition  would 
not  remain  ;  for  atmospheric  and  aqueous  agencies,  if  unopposed,  would 
eventually  cut  down  the  polar  continents  and  deposit  them  as  sediments 
in  the  equatorial  seas,  and  the  solid  earth  or  lithosphere  would  thus 
become  an  oblate  spheroid.  This  final  effect  of  degrading  agencies 
would  not  be  opposed  by  igneous  agencies,  as  the  action  of  these  is 
irregular,  and  does  not  tend  to  any  particular  form  of  the  earth.  Yet 
this  applies  only  to  the  general  spheroidal  form ;  for  Hennessey  has 
shownf  that  although  the  spheroidal  form  would  be  assumed  either  by 
fluidity  or  by  abrasion,  yet  the  degree  of  ellipticity  of  the  spheroid 
would  be  different,  and  probably  sensibly  different  in  two  cases,  being 
greater  in  the  former;  and  that  the  actual  form  of  the  earth  more 
nearly  approaches  this  greater  degree. 

Therefore,  although  there  are  many  reasons,  drawn  both  from 
geology  and  from  the  nebular  hypothesis,  for  believing  that  the  earth 
was  once  in  an  incandescent  fluid  condition,  and  that  it  then  assumed 
an  oblate  spheroid  form  in  obedience  to  the  laws  of  equilibrium  of 
fluids;  yet  this  form  alone  must  not  be  assumed  as  demonstrative 
proof  of  such  original  condition,  since  a  similar  form  would  be  pro- 

*  Lyell,  Principles  of  Geology,  vol.  ii,  p.  199. 

t  Philoaophical  Magazine,  vol.  vii,  p.  67,  1879,  vol.  x,  p.  119,  1880,  and  vol.  xi,  p. 
283,  1881. 
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duced  by  causes  now  in  operation  on  the  earth-surface,  whatever  may 
have  been  its  original  form  and  condition.  Moreover,  it  is  evident  that 
the  exact  original  form,  however  determined,  can  not  have  been  re- 
tained ;  for  there  are  causes  in  operation  wliich  have  tended  constantly 
to  modify  it.  If  abrasion  can  produce,  it  can  also  modify  the  form  of 
the  earth.  If  the  form  of  the  earth  is  a  form  of  equilibrium,  then  a 
change  in  the  rate  of  rotation  will  produce  a  change  in  the  degree  of 
oblateness  or  ellipticity.  Now,  when  the  earth  first  solidified  from 
an  incandescent  liquid  condition,  it  had  a  certain  degree  of  ellipticity 
determined  by  its  rate  of  rotation  ;  but  this  rate  of  rotation  has  not 
been  constant.  The  earth,  from  that  time  until  now,  has  been  cool- 
ing and  contracting ;  and  contraction  would  tend  to  accelerate  rota- 
tion and  increase  ellipticity.  But,  also,,  ever  since  an  ocean  was  first 
formed  by  precipitation  on  the  cooling  earth,  tides  have  been  formed 
by  the  moon  and  sun,  and  the  friction  of  the  dragging  tides  would 
tend  to  retard  rotation  and  decrease  ellipticity.  At  first,  doubtless, 
the  contractional  acceleration  prevailed  and  ellipticity  increased  ;  but 
now  tidal  retardation  prevails,  and  ellipticity  is  probably  decreasing. 

2.  Density  of  the  Earth. 

The  mean  density  of  the  earth,  as  determined  by  several  inde- 
pendent methods,  is  about  5-6.  The  density  of  the  materials  of  the 
earth-surface,  leaving  out  water,  is  only  about  2-5.  It  is  evident, 
therefore,  that  the  density  of  the  central  poi'tions  must  be  much 
more  than  5'6.  This  great  interior  density  may  be  the  result — 1.  Of 
a  difference  of  material.    It  is  not  improbable  that  the  surface  of  the 

earth  has  become  oxidized  by  contact  with  the 
atmosphere,  and  that  at  great  depths  the  earth 
may  consist  largely  of  metallic  masses.  Or  the 
great  interior  density  may  be  the  result. — 2.  Of 
condensation  by  the  immense  pressure  of  the 
superincumbent  mass.  In  either  case  the  ten- 
dency of  increasing  heat  would  be  to  diminish 
the  increasing  density.  But  how  much  of  the 
greater  density  is  due  to  difference  of  material, 
and  how  much  to  increasing  pressure,  and  liow 
much  these  are  counterbalanced  by  expansion 
due  to  increasing  heat,  it  is  impossible  to  deter- 
mine. 

The  increase  of  density  has  been  somewhat  arbitrarily  assumed  to 
follow  an  arithmetical  law.  Under  this  condition  a  density  equal  to  the 
mean  density  would  be  found  at  \  radius  from  the  surface,  and  ttiking 
the  surface  density  at  2-5,  and  the  mean  density  at  5"6,  the  central 
density  would  be  nearly  15.    In  the  diagram  (Fig.  133),  it  a  c  = 


Pio.  133. — Diagram  illustra- 
ting the  incronsing  J)ensi 
ty  of  the  Eartli. 
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radius,  the  ordinate  ax  =  surface   density  =  2-5,  and   l  y  =  mean 
density  =  5-G,  tiien  c  z,  the  central  density,  will  be  =  14-9. 
It  is  needless  to  say  that  this  result  (Plana's)  is  unreliable. 

3.  The  Crust  of  the  Earth. 

The  surface  of  the  earth  undoubtedly  differs  greatly  in  many  re- 
spects from  its  interior,  and  therefore  the  exterior  portion  may  very 
properly  be  termed  a  critst.  It  is  a  cool  crust,  covering  an  incandescent 
interior ;  a  stratified  crust,  covering  an  unstratified  interior  ;  probably 
an  oxidized  crust,  covering  an  imoxidized  interior ;  and  many  suppose 
a  solid  crust,  covering  a  liquid  interior.  This  last  idea,  although  very 
doubtful  (p.  86),  has  probably  given  rise  to  the  term  crust.  The  term, 
however,  is  used  by  all  geologists,  without  reference  to  any  theory 
of  interior  condition,  and  only  to  express  that  portion  of  the  exterior 
which  is  subject  to  human  observation.  The  thickness  which  is  ex- 
posed to  inspection  is  about  ten  to  twenty  miles. 

Means  of  Geological  Observation. — The  means  by  which  we  are 
enabled  to  inspect  the  earth  below  its  immediate  surface  are :  1.  Arti- 


FiG.  134. 


ficial  sections.,  such  as  mines,  artesian  wells,  etc.  These,  however,  pene- 
trate only  to  the  insignificant  depth  of  half  a  mile,  or  rarely  of  a  mile 
(p.  76).  2.  Natural  sections,  such  as  cliffs,  ravines,  cafions,  etc.  These, 
as  we  have  already  seen  (p.  17),  sometimes  penetrate  5,000  to  6,000 
feet.  3.  Folding,  and  subsequent  erosion  of  the  crust,  by  which  strata 
from  great  depths  have  their  edges  exposed.  Thus,  in  passing  along  the 
surface  from  s  to  a  (Fig.  134),  lower  and  lower  rocks  are  successively 
brought  under  inspection.  The  dotted  lines  show  how  much  has  been 
cut  away,  and  therefore  the  depth  of  strata  exposed.  In  this  way  often 
ten  miles  depth  of  strata  are  brought  into  view.  This  is  by  far  the 
most  important  means  of  observation ;  without  it  the  study  of 
geology  would  be  almost  impossible.  4.  Volcanoes  bring  up  to  the 
surface  materials  from  unknown  but  probably  very  great  depths. 

Ten  miles  seems  an  insignificant  fraction  of  the  earth's  radius, 
being  in  fact  equivalent  to  less  than  one  thirtieth  of  an  inch  in  a  globe 
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two  feet  in  diameter.  It  may  seem  at  first  sight  an  insufficient  basis 
for  a  science  of  tlie  eartli.  We  must  recollect,  however,  that  only  this 
crust  has  been  inhabited  by  animals  and  plants — on  this  crust  only 
have  operated  atmospheric,  aqueous,  and  organic  agencies — and  there- 
fore on  this  insignificant  crust  have  been  recorded  all  the  most  im- 
portant events  in  the  history  of  the  earth. 

4.  General  Surface  Configuration  of  the  Earth. 

The  surface  inequalities  of  the  solid  earth  or  lithosphere  are  of  two 
general  kinds,  which  may  be  called  greater  and  lesser.  The  one  is 
due  to  interior,  the  other  to  exterior  causes ;  the  one  to  igneous,  the 
other  to  aqueous  or  erosive  agencies.  The  lesser  inequalities  we  will 
treat  under  the  head  of  forms  of  sculpture  (p.  278).  Our  discussion 
now  is  limited  to  the  greater.  Again,  these  are  of  two  orders  of  great- 
ness, viz.,  those  which  constitute  land-masses  and  ocean  basins,  and 
those  which  constitute  moimtain-ranges  and  intervening  valleys. 
These  latter  we  shall  treat  fully  hereafter  (p.  260) ;  we  are  therefore 
specially  concerned  now  with  the  former. 

Nearly  three  quarters  of  the  whole  surface  of  the  earth  is  covered 
by  the  ocean.*  The  mean  height  of  the  continents,  according  to  the 
most  recent  results,  is  as  follows :  Europe,  984  feet ;  Asia  and  Africa, 
1,640  feet;  America,  North  and  South,  1,083  feet;  Australia,  820  feet. 
The  mean  height  of  all  laud  is  given  as  about  1,378  feet.f  These 
figures  are  considerably  greater  than  those  given  by  Humboldt  and 
heretofore  adopted. 

The  mean  depth  of  the  ocean  is  probably  12,000  to  15,000  feet 
(Thompson).  There  is  probably  water  enough  in  the  ocean,  if  the 
inequalities  of  the  earth's  surface  were  removed,  to  cover  the  earth  to  a 
depth  of  about  two  miles. 

The  extreme  height  of  the  land  above  the  sea-level  is  five  miles, 
and  the  extreme  depth  of  the  ocean  is  at  least  as  much.  The  extreme 
relief  of  the  lithosphere  is  therefore  not  less  than  ten  miles. 

Cause  of  Land-Surfaces  and  Sea-Bottoms. — The  most  usual  idea 
among  geologists  as  to  the  general  constitution  of  the  earth  is  that  the 
earth  is  still  essentially  a  liquid  mass,  covered  by  a  solid  shell  of  twen- 
ty-five to  thirty  miles  in  thickness ;  and  that  the  great  inequalities, 
constituting  land-surfaces  and  ocean-bottoms,  are  produced  by  the  up- 
bending  and  down-bending  of  this  crust  into  convex  and  concave 
arches,  as  shown  in  Fig.  135.  The  clear  statement  of  this  view  is 
sufficient  to  refute  it;  for,  when  it  is  remembered  that  the  arches  with 
which  we  are  here  dealing  have  a  span  of  nearly  a  semi-circumference 


*  Land  :  water  : :  1  :  2-63  (Wngner,  1895). 

f  Kriimmel,  Aincvican  Naturalist,  vol.  xiii,  p.  464, 187!>.  More  recent  estimates  make 
it  a  little  over  2,0U0  feet.— Jour.  Gcol.,  vol.  i,  p.  422,  1893. 
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of  the  earth,  it  becomes  evident  that  uo  such  arch,  either  above  or  below 
the  mean  level,  could  sustain  itself  for  a  moment:  for  the  pressure 
would  be  thirty 


times  the  crush- 
ing strength  of 
steel  and  500 
times  the  crushing 
strength  of  granite 
ties  could  sustain 


Fia.  135. 


*  The  only  condition  under  which  such  inequali- 
themselves  on  a  supporting  liquid  is  the  exist- 
ence of  inequalities  on  the  under  surface  of  the  crust  next  the  liquid, 
similar  to  those  on  the  upper  surface,  but  in  reverse,  as  shown  in 
Fig.  136.  And  these  lower  or  under-surface  inequalities  would  have 
to  be  repeated  not  only  for  the  largest  inequalities,  viz.,  continental 
surfaces  and  ocean-bottoms,  but  also  for  great  mountain  plateaus. 
And  thus  the  hypothesis  seems  to  break  down  with  the  weight  of  its 
own  assumption,  f 

Besides,  we  have  already  given  good  reasons  (pages  87  and  88)  for  be- 
lieving that  the  earth  is  substantially  solid.  Upon  the  hypothesis  of  a 
substantially  solid  earth,  we  explain  the  great  inequalities  constituting 
continental  surfaces  and  ocean-bottoms  by  unequal  radial  contraction 
of  the  earth  in  its  secular  cooling. 

The  earth  was  undoubtedly  at  one  time  an  incandescent  liquid 
globe.  It  then,  as  we  believe,  cooled  to  a  substantial  solid,  although 
probably  with  a  sub-crust  layer  underlying  large  areas  of  the  solid 

crnst,  and  sepa- 
rating it  from 
the  solid  nucleus. 
When  first  solidi- 
fied the  earth 
was  doubtless  a 

regular  oHate  spheroid,  and,  when  sufficiently  cool  to  allow  condensa- 
tion of  aqueous  vapor,  covered  with  a  universal  ocean.  By  continued 
cooling  it  gradually  contracted,  and  if  the  rate  of  cooling  and  contrac- 
tion had  been  equal  in  all  parts  of  the  surface  it  would  have  retained 
its  regular  spheroid  form.  But,  without  perfect  homogeneity  of  com- 
position and  equality  of  conductivity  and  of  coefficient  of  contraction 
in  all  parts  (which  is  extremely  improbable),  such  equality  of  cooling 
and  contraction  would  be  impossible.  Some  parts,  thei'efore,  cooled 
and  contracted  toivard  the  center  more  rapidly  than  others.  These 
more  rapidly  contracting  areas  would  form  hollows  and  the  less  rap- 


Fio.  136.- 


-Diagram  illustrating  the  Conditions  of  Equilibrium  of  a  Solid 
Crust  on  a  Liquid  Interior. 


*  Woodward,  Science,  1,  194,  1895. 

f  It  has  been  shown  by  G.  II.  Darwin  that  the  great  inequalities  of  the  earth's  surface 
could  not  be  sustained  unless  the  earth  bo  as  rigid  as  granite  for  a  depth  of  1,000  miles. 
— Proceeding  of  the  Royal  Society,  June,  1881. 
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idly  contracting  areas  protuberances.  The  waters  would  be  gathered 
in  the  hollows  and  form  oceans,  while  the  protuberances  would  be- 
come continents.  In  other  words,  oceanic  basin  and  land-masses 
are  the  result  of  slight  distortion  of  the  regular  spheroid  by  uneqmd 
radial  contraction.  This  is  evidently  a  true  cause  ;  and,  when  we  con- 
sider the  smallness  of  these  inequalities  in  comparison  with  the  size 
of  the  earth,  it  will  seem  a  sitfficient  cause.  The  mean  inequality  of 
the  kind  we  are  now  considering  is  about  two  and  a  half  miles.  This 
in  a  globe  of  two  feet  in  diameter  would  be  less  than  one  one-hun- 
dredth of  an  inch — an  amount  that  would  be  scarcely  perceptible. 
If  a  globe  of  clay  or  of  stone  of  this  size  were  heated  to  incandescence 
and  in  this  condition  ground  to  a  true  sphere  and  then  allowed  to 
cool,  it  is  probable  that  the  inequality  would  be  as  great  as  or  greater 
than  the  above.* 

It  is  only  the  greatest  inequalities,  viz.,  land-surfaces  and  sea-bot- 
toms, which  we  account  for  in  this  way.  Mountain-chains  are  certainly 
formed  by  a  different  process,  which  we  will  discuss  under  that  head 
(p.  260) ;  and  it  is  even  possible,  though  not  probable,  that  the  causes 
which  operate  to  produce  mountain-chains  may  also  produce  these 
greatest  inequalities. 

The  continuance  of  these  causes  would  tend  constantly  to  increase 
the  extent  and  height  of  the  land,  and  to  increase  the  depth,  but  dimin- 
ish the  extent  of  the  sea.  This,  on  the  whole,  seems  to  have  been  the 
fact,  during  the  history  of  the  earth,  as  will  be  shown  in  Part  III. 
Nevertheless,  local  causes,  both  aqueous  and  igneous,  as  already  shown 
in  Part  I,  have  greatly  modified  the  general  contour,  both  map  and 
profile,  given  by  secular  contraction. 

Sub-ocean  Crust  is  deviser. — Or,  again  :  the  same  result  would  follow 
even  if  there  were  no  difference  of  conductivity,  but  only  of  density  over 
large  areas.  For  in  so  large  a  globe  as  the  earth — unless  preternatu- 
rally  rigid — such  large  areas  must  be  in  a  state  of  hydrostatic  equilibrium 
(Isostasy).  The  denser  areas  must  sink  and  form  the  ocean-bottoms 
and  the  lighter  areas  rise  into  continental  surfaces.  But  since  denser 
areas  are  also  probably  more  conductive,  and  therefore  cool  faster,  it  is 
evident  that  the  two  causes  would  co-operate.  The  conclusion,  there- 
fore, is  inevitable  that  ocean-bottoms  are  lower  because,  and  in  pro- 
portion as,  the  sub-ocean  matter  is  denser,  and  continents  are  higher 
because,  and  in  proportion  as,  the  sub-continent  matter  is  lighter. 

*  To  this,  according  to  Fayc  (Coinptes  Rendus,  vol.  xc,  p.  1186,  1880),  must  be  added 
still  another  cause.  As  soon  as  the  water  collects  in  the  depressions  formed  by  unequal 
radial  contraction,  its  very  presence  would  tend  to  increase  the  cooling  and  contracting  of 
these  parts,  and  thus  to  deepen  still  further  the  depressions.  This  eftect  results  (1)  from 
the  more  rapid  cooling  of  water  by  convection,  and  (2)  from  the  circulation  of  ice-cold 
water  from  the  poles  along  the  sea  bottom  (pp.  40  and  41). 
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Most  careful  recent  gravity  determinations  across  the  American  Conti- 
nent have  confirmed  these  views.* 

Laws  of  Contiuental  Form. — That  the  general  contour  of  continents 
and  sea-bottoms  has  been  determined  by  some  general  cause,  such  as 
secular  contraction,  affecting  the  whole  earth,  is  further  shown  by  the 
laws  of  continental  form.    Tiie  most  important  of  these  are  as  follows : 

1.  Continents  consist  of  a  great  interior  basin,  bordered  by  elevated 
coast-chain  rims.  This  typical  form  is  most  conspicuously  seen  in 
North  and  South  America,  Africa,  and  Australia.  Europe-Asia  is 
more  irregular,  and  therefore  the  typical  form  is  less  distinct.  We 
give  in  Fig.  137,  A  and  B,  an  east-and-west  section  of  North  America 


Fig.  137. — A,  section  across  North  America;  B,  section  across  Australia  (after  Guyot). 


and  of  Australia,  as  typical  examples  of  continental  structure. 

The  great  rivers  of  the  world,  e.  g.,  the  Nile,  Mississippi,  Amazon, 
La  Plata,  etc.,  drain  these  interior  continental  basins. 

2.  In  each  continent  tiie  greatest  range  of  mountains  faces  the 
greatest  ocean.  Thus  in  America  the  greatest  range  is  on  the  west, 
facing  the  Pacific ;  while  in  Africa  the  greatest  range  is  on  the  east, 
facing  the  Indian  Ocean.  In  Asia  the  Himalayas  face  the  Indian 
Ocean,  while  the  Altai  face  the  Polar  Sea.  In  Australia  the  greatest 
range  is  to  the  east,  facing  the  Pacific. 

3.  The  greatest  ranges  have  been  subjected  to  the  greatest  and 
most  complex  foldings  of  the  strata,  and  are  the  seats  of  the  greatest 
metamorphism  (p.  230)  and  the  greatest  volcanic  activity. 

4.  The  outlines  of  the  present  continents  have  been  sketched  in  the 
earliest  geological  times,  and  have  been  gradually  developed  and  per- 
fected in  the  course  of  the  history  of  the  earth.  In  the  case  of  the 
North  American  Continent  this  will  be  shown  in  Part  III. 

The  cause  of  some  of  these  laws  will  be  discussed  under  the  head 
of  Mountain-Chains. 

Roclcs. 

In  geology  the  term  rock  is  used  to  signify  any  material  consti- 
tuting a  portion  of  the  earth,  whether  hard  or  soft,    "^rhus,  a  bed  of 

♦Putnam  and  Gilbert,  Bull.  Phil.  Soc,  Wash.,  No.  18,  p.  81,  1896. 
13 
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saud  or  clay  is  no  less  a  rock  than  the  hardest  granite.  In  fact,  it  is 
impossible  to  draw  any  scientific  distinction  between  materials  founded 
upon  hardness  alone.  The  same  mass  of  limestone  may  be  soft  chalk 
in  one  part  and  hard  marble  in  another :  the  same  bed  of  clay  may  be 
hard  slate  in  one  part  and  good  brick-earth  in  another ;  the  same  bed 
of  sandstone  may  be  hard  gritstone  in  one  part  and  soft  enough  to  be 
spaded  in  another.  The  same  volcanic  material  may  be  stony,  glassy, 
scoriaceous,  or  loose  sand  or  ashes. 

Classes  of  Rocks. — All  rocks  are  divided  into  two  great  classes,  viz., 
stratified  rocks  and  unstratified  rocks.  Stratified  rocks  are  more  or 
less  consolidated  sediments,  and  are  usually,  therefore,  more  or  less 
earthy  in  structure  and  of  aqueous  oiigin.  Unstratified  rocks  have 
been  more  or  less  completely  fused,  and  therefore  are  crystalline  in 
structure  and  of  igneoios  origin. 
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Section  1. — Kinds,  Structure,  and  Position. 

Stratification. — Stratified  rocks  are  characterized  by  the  fact  that 
they  are  separated  by  parallel  division-planes  into  larger  sheet-like 
masses  called  strata,  and  these  into  smaller  layers  or  leds,  and  these 

again  into  still  smaller  lamince. 
These  terms  are  purely  relative, 
and  are  therefore  somewhat 
loosely  used.  Usually,  however, 
the  term  stratum  refers  to  the 
mineralogical  character ;  the 
terra  layer  to  subdivisions  of  a 
stratum  distinguishable  by  dif- 
ference of  color  or  fineness ;  and 
the  term  lamina  to  those  small- 
ss     ss     Ls    sh      ss     ss  est  subdivisious,  evidently  pro- 

Pio.  138.— Sections  of  Uorizontal  and  Inclinetl  strata:    (linced  bv  the  SOl'tinf  DOWer  of 
«,  soil;  ««,  sandstone;       shale;  i*,  limestone.       "  J  "  .  i 

water.  For  instance,  in  the  an- 
nexed figure  we  have  three  strata  of  sandstone,  clay,  and  limestone,  each 
divisible  into  two  layers  differing  in  fineness  or  compactness  of  the 
material,  and  all  finely  laminated  by  the  sorting  power  of  water.  The 
lamination,  however,  is  not  represented,  except  in  the  clay  stratum, .-?//. 
There  is  another  structure  represented  in  the  figure— viz.,  the  cross 
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fractures  or  joints.  These,  however,  are  not  peculiar  to  stratified  rocks, 
and  will  be  discussed  at  another  time. 

Extent  and  Thickness. — Probably  nine-tenths  of  the  surface  of  the 
land,  and,  of  course,  the  whole  of  the  sea-bottom,  are  covered  with 
stratified  rocks.  Even  where  these  are  wanting  it  is  because  they 
have  been  removed  by  erosion  or  else  covered  up  and  concealed  by 
fused  matter  outpoured  on  the  surface.  This  proves  that  every  portion 
of  the  surface  of  the  earth  has  been  at  some  time  covered  with  water. 
The  extreme  thickness  of  sti'atified  rocks  is  certainly  not  less  than 
twentv  miles ;  the  average  thickness  is  probably  several  miles. 

Kiiids  of  Stratified  Rocks. — Stratified  rocks  are  of  three  kinds,  and 
their  mixtures,  viz.,  arenaceous  or  sand  rocks,  argillaceous  or  clay 
rocks,  and  calcareous  or  lime  rocks.  Arenaceous  rocks,  in  their  inco- 
herent state,  are  sand,  gravel,  shingle,  rubble,  etc.,  and  in  their  com- 
pacted state  and  sandstones,  gritstones,  conglomerates,  and  breccias. 
Conglomerates  are  composed  of  rounded  pebbles,  and  breccias  of  angu- 
lar fragments  cemented  together.  Argillaceous  rocks,  in  their  inco- 
herent states,  are  muds  and  clays ;  partially  consolidated  and  finely 
laminated  they  form  shales,  and  thoroughly  consolidated  they  form 
slates.  Calcareous  rocks  are  chalk,  limestone,  and  marble.  They  are 
seldom  in  an  incoherent  state,  except  as  chalk. 

These  different  kinds  of  rocks  graduate  into  each  other  through 
intermediate  shades.  Thus  we  may  have  argillaceous  sandstones,  cal- 
careous sandstones,  and  calcareous  shales  or  marls. 

The  most  important  points  connected  with  stratified  rocks  we  will 
now,  for  the  sake  of  greater  clearness,  bring  out  in  the  form  of  distinct 
propositions.  On  these  propositions  is  based  nearly  the  whole  of  geo- 
logical reasoning. 

I.  Stratified  Rocks  are  more  or  less  Consolidated  Sediments. — The 

evidence  of  this  fundamental  proposition  is  abundant  and  conclusive, 
1.  Beds  of  mud,  clay,  or  sand,  as  already  stated,  may  often  be  traced 
by  insensible  gradations  into  shales  and  sandstones.  2.  In  many  places 
the  process  of  consolidation  is  now  going  on  before  our  eyes.  This  is 
most  conspicuous  in  sediments  deposited  at  the  mouths  of  large  rivers 
whose  waters  contain  abundance  of  carbonate  of  lime  in  solution,  or  on 
the  coasts  of  seas  containing  much  carbonate  of  lime.  Thus  the  sedi- 
ments of  the  Rhine  are  now  consolidating  into  hard  stone  (p.  84),  and 
on  the  coasts  of  Florida,  Cuba,  and  on  coral  coasts  generally,  com- 
minuted shells  and  corals  are  quickly  cemented  into  solid  rock  (p.  163). 
3.  All  kinds  of  lamination  produced  by  the  sorting  power  of  water 
which  has  been  observed  in  sediments,  have  also  been  observed  in 
stratified  rocks.  4.  Stratified  rocks  contain  the  remains  of  animals  and 
plants,  precisely  as  the  stratified  mud  of  our  present  rivers  contains 
river-shells,  our  present  beaches  sea-shells,  or  the  mud  of  our  swamps 


180 


STRATIFIED  OR  SEDIMENTARY  ROCKS. 


the  boues  of  our  higher  animals  drifted  from  the  high  lands.  5.  Im- 
pressions of  various  kinds,  such  as  ripple-marks,  rain-prints,  footprints, 
etc.,  evidently  formed  when  the  rock  was  in  the  condition  of  soft  mud, 
complete  the  proof.  It  may  be  considered  as  absolutely  certain  that 
stratified  rocks  are  sediments.  Arenacious  and  argillaceous  rocks  are 
the  debris  of  eroded  land,  and  are  thei-efore  called  mechanical  sedi- 
ments or  fragmental  rocks.  Limestones  are  either  chemical  deposits 
in  lakes  and  seas,  or  are  the  comminuted  remains  of  organisms.  They 
are  therefore  either  chemical  or  organic  sediments.  Conglomerates, 
grits,  and  sandstones,  indicate  violent  action ;  shales  and  clays  quiet 
action  in  sheltered  spots.  Limestones  are  sometimes  produced  by  vio- 
lent action — e.  g.,  coral  breccia — sometimes  very  quiet  action,  as  in 
deep-sea  deposits. 

We  have  already  seen  (p.  4)  that  rocks  under  atmospheric  agen- 
cies are  disintegrated  into  soils,  and  these  soils  are  carried  by  rivers 
and  deposited  as  sediments  in  lakes  and  seas.  Now  we  see  that  these 
sediments  are  again  in  the  coarse  of  time  consolidated  into  rocks,  to  be 
again  raised  by  igneous  agencies  into  land,  and  again  disintegrated  into 
soils,  and  redeposited  as  sediments.  Thus  the  same  material  has  been 
in  some  cases  worked  over  many  times  in  an  ever-recurring  cycle. 
This  is  another  illustration  of  the  great  law  of  circulation,  so  universal 
in  Nature. 

Cause  of  Consolidation. — The  consolidation  of  sediments  into  rocks 
in  many  cases  is  due  to  some  cementing  pri7iciple.,  such  as  carbonate  of 
lime,  silica,  or  oxide  of  iron,  present  in  percolating  waters.  In  such 
cases  the  consolidation  often  takes  place  rapidly.  In  other  cases  it  is 
due  to  long -continued  heavy  pressure,  and  in  still  othex's  to  long-con- 
timicd,  though  not  necessarily  very  great,  elevation  of  tempter atiire  in 
presence  of  water.  In  these  cases  the  process  is  very  slow,  and  there- 
fore it  has  not  progressed  greatly  in  the  more  recent  rocks. 

II.  Stratified  Rocks  have  been  gradually  deposited.— The  following 
facts  show  that  in  many  cases  rocks  have  been  deposited  with  extreme 
slowness :  1.  Shales  are  often  found  the  lamination  of  which  is  beau- 
tifully distinct  and  yet  each  lamina  no  thicker  than  cardboard.  Now, 
each  lamina  was  separately  formed  by  alternating  conditions,  such  as 
the  rise  and  fall  of  tide,  or  the  flood  and  fall  of  river.  2.  Again,  on  the 
interior  of  imbedded  shells  of  mollusca,  or  on  the  outer  surface  of  the 
shells  of  sea-urchins  deprived  of  their  spines,  are  often  found  attached 
other  shells,  as  shown  in  the  following  figures.  Now,  these  shells  must 
have  been  dead,  but  not  yet  covered  with  depiosit  during  the  whole  time 
the  attached  shell  was  growing.  As  a  general  rule,  in  fragmental  rocks 
the  finest  materials,  such  as  clay  and  mud,  have  been  deposited  very 
slowly,  while  coarse  materials,  such  as  sand,  gravel,  and  pebbles,  have 
been  deposited  rapidly.    Limestones,  being  generally  formed  by  the 
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accumulation  of  the  calcareous  remains  of  successive  generations  of 
organisms,  living  and  dying  on  the  same  spot,  must  have  accumuhited 
witli  extreme  slowness.    The  same  is  true  of 
infusorial  earths. 

It  is  necessary,  therefore,  to  bear  in  mind 
that  all  stratified  rocks  were  formed  in  pre- 
vious epochs  by  the  regular  operation  of 
agents  similar  to  those  in  operation  at  pi'cs- 
eiit,  and  not  by  irregular  or  cataclysmic 
action,  as  supposed  by  the  older  geologists. 


Fig.  139.— Serpnla  on  Shell  of  an  Echlnoderm. 


Pig.  140  — Serpnise  on  Interior 
of  a  Shell. 


Thus,  ccBtoris  paribus,  the  thickness  of  a  rock  may  be  taken  as  a  rude 
measure  of  the  time  consumed  in  its  formation. 

III.  Stratified  Rocks  were  originally  nearly  horizontal.— Tlie  hori- 
zontal position  is  naturally  assumed  by  all  sediments  in  obedience  to 
the  law  of  gravity.  When,  therefore,  we  find  strata  highly  inclined  or 
folded,  we  conclude  that  their  position  has  been  subsequently  changed. 
It  must  not  be  supposed,  however,  that  the  planes  which  separate  strata 
were  originally  perfectly  horizontal,  or  that  the  strata  themselves  were 
of  unvarying  thickness,  and  laid  atop  of  each  other  like  the  sheets  of  a 
ream  of  paper.  On  the  contrary,  each  stratum,  when  first  deposited, 
must  be  regarded  as  a  widely-expanded  cahe,  thickest  in  the  middle 
and  thinning  out  at  the  edges,  and  interlapping  there  with  other  simi- 
lar cakes.    Fig.  141  is  a  diagram  showing  the  mode  of  interlapping. 


Fio.  141.— Diagram  showing  Thinning  out  of  Beds:  a,  sandstones  and  conglomerates;  b,  limestones. 

The  extent  of  these  cakes  depends  upon  the  nature  of  the  material. 
In  fine  materials  strata  assume  the  form  of  extensive  thin  sheets,  while 
coarse  materials  thin  out  more  rapidly,  and  are  therefore  more  local. 

The  most  important  apparent  exception  to  the  law  of  original  hori- 
zcntality  is  the  phenomenon  of  oblique  lamination  or  cross  bedding. 
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This  kind  of  lamination  is  formed  by  rapid,  shifting  currents,  bearing 
abundance  of  coarse  materials,  or  by  chafing  of  waveti  on  an  exposed 

-    ■■  beach.  Many  examples  of  similar  lami- 

nation are  found  in  rocks  of  previous 
epochs.  Figs.  142  and  143  represent 
such  examples.  In  some  cases  cross 
bedding  may  be  mistaken  for  highly- 
inclined  strata;  careful  examination, 
however,  will  show  that  the  strata 
are  not  parallel  with  the  lamina3.  The 
strata  were  originally  (and  in  the  cases  represented  in  the  figures  are 
still)  horizontal,  while  the  laminae  are  oblique. 


Fig.  142. 


-Oblique  Lamination  or  cross 
bedding. 


Pig.  143.— Section  on  Mississippi  Central  Railroad  at  Oxford  (after  Hilgard):  Oblique  lamination. 

Elevated,  Inclined,  and  Folded  Strata. — We  may  assume  with  con- 
fidence that  stratified  rocks  were  deposited  as  sedijnents  at  the  bcttom 


Fig.  145.— Contorted  Strata. 

of  toater  and  in  a  horizontal  or  nearly  liorizontal  position.  But  we  do 
not  now  find  them  usually  in  this  condition,  place,  or  position.  Some- 
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times,  indeed,  they  are  still  soft,  but  usually  stony ;  sometimes  in  the 
vicinity  of  water,  but  oftener  far  in  the  interior  of  continents  and  high 


Fig.  146.— Crumpled  Laminre  (after  Qeikie). 


up  the  slopes  of  mountains ;  sometimes  they  are  still  liorizontal  though 
elevated  (Fig.  144)  ;  but  often,  especially  in  mountain-regions,  we  find 


Fis.  147.— Contorted  Strata  (from  Logan). 


them  tilted  at  all  angles,  folded,  contorted  (Fig.  145),  overturned, 
broken,  and  slipped,  so  that  it  is  difficult  sometimes  to  determine  their 


Fio.  148.— Section  of  Appalachian  Chain. 

original  order  of  superposition.  Again,  in  folded  strata,  sometimes  we 
have  the  most  intricate  crumplings  of  the  finer  lamince,  such  as  may  be 


Pio.  149.— Section  of  the  Jura  Mountains. 


seen  in  a  hand  specimen  (Fig.  146).  Sometimes  whole  groups  of  strata 
are  thus  folded,  as  can  be  seen  at  one  view  on  a  sea-clilf  or  cafiou  wall 
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(Fig.  147).  Sometimes  the  whole  crust  of  the  earth,  for  miles  in  thick- 
ness and  many  miles  in  extent,  are  thrown  into  great  crust- waves  con- 
stituting mountain-ranges  with  their  intervening  valleys  (Figs.  148  and 
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Fig.  150.— Upturned  and  Eroded  Strata,  Elk  Mountains,  Colorado  (after  Hayden). 

149).  In  such  cases  the  folded  structure  is  not  visible  at  one  view,  but 
only  brought  out  by  extended  survey.  In  cases  of  strong  folding  the 
strata  are  often  broken  and  dislocated  (Figs.  200-207).  In  all  cases 
of  elevated  strata,  whether  level  or  tilted  and  folded,  large  portions 
of  the  upper  parts  are  carried  away^by  erosion  and  the  remainder 
is  left  in  isolated  patches  and  basins,  or  else  standing  at  all  angles, 
with  their  edges  exposed  (Figs.  147,  148,  and  in  all  the  other  figures 
under  this  head).  Such  exposure  on  the  surface  of  the  edges  of  eroded 
strata  is  called  an  outcrop. 

Definition  of  Terms. — There  are  certain  terms  in  frequent  use  by 
geologists  which  must  now  be  defined.  These  are  dip  and  strike,  anti- 
cline and  syncline  and  conformity  and  unconformity. 

Dip  and  Strike. — The  dip  of  strata  is  their  inclination  to  a  hori- 
zontal plane.     There  are  always  two  elements  to  be  considered — 
/f    ^  -L  S  ^^'■^■^^^'■^'^  amount. 

^^?5S35<r"^=c:^^"'NS^?S~^^?^^  Thus  in  Fig.  151  the  strata 

dip  southward  about  30°. 
The  angle  of  dip  is  meas- 
ured by  a  clinometer  (Fig. 
152),  and  the  direction  of 
dip  by  a  compass.  These 
two  are  often  convenient- 
ly united  in  one  instrument.  As  thus  determined  the  angle  of  dip 
varies  from  0°  to  90°,  or  from  horizontality  to  verticality.  Fig.  153  is 
an  example  of  vertical  strata.  In  strongly  folded  rocks  the  strata  may 
be  pushed  beyond  the  perpendicular  (Fig  154),  or  even  completely  re- 
versed (Fig.  209  C),  so  that  the  change  from  the  original  position  may 
be  nearly  or  quite  180°. 

In  a  series  of  regularly  dipping  strata,  like  that  of  Fig.  151,  it  is 
easy  to  estimate  the  thickness  of  the  series.  The  thickness,  b  c,=- 
distance  abx  sin.  of  the  angle  of  dip  30°.  We  sometimes  find  an 
actual  section  such  as  that  represented  in  the  figure,  but  more  usually 


Fig.  151. 


STRUCTURE  AND  POSITION. 


185 


we  observe  the  successive  outcrops  on  the  surface  aud  tlie  angle  of  dip, 
aud  construct  an  ideal  section.    Tliis  is  easy  enough  if  the  rocks  are 


Fig.  152.— Clinometer. 

bare,  but  if  covered  with  soil,  we  must,  take  advantage  of  every  bare 
spot,  of  every  ravine,  gully,  and  stream-bed  where  the  rocks  may  be 
exposed,  of  every  quarry,  railroad-cutting,  well,  etc.,  and  put  these 
together  in  the  attempt  to  make  a  map  of  outcrop  and  a  section. 

The  strike  of  strata  is  the  direction  of  their  trend,  or,  more  ac- 
curately, is  the  line  of  intersection  of  the.  strata  with  a  horizontal 
plane.     It  is  always  at  j  ■ 


right  angles  to  the  line 
of  dip.  If  the  dip  is  north 
or  south,  the  strike  is  east 
and  west.  If  the  strata 
are  plane,  the  strike  is  a 
straight  line;  but  if  they 
are  bent,  the  strike  may 
be  a  curve.  For  example, 
if  the  strata  are  lifted  up 
in  the  form  of  a  cone  or  a 
dome,  the  strike  will  be 
circular;  if  the  strata  be  folded  and  then  tilted  in  a  direction  at  right 
angles  to  the  folding  force,  the  strike  will  be  sinuous.  Again,  if  the 
surface  of  the  ground  is  level,  the  outcrop  will  be  the  strike  and  will 
_   be  straight  or  sinu- 

ous, according  as  the 
strike  is  one  or  the 
other.  But  the  out- 
crop is  usually  far 
more  irregular  than 
the  strike,  as  it  is 

alfected  also  by  irregularities  of  surface  produced  by  erosion ;  so  that 
in  a  broken  country  the  outcrop  of  folded  strata  is  extremely  complex. 

Anticline  and  Syncline.— Strata  are  usually  more  or  less  folded, 
and  therefore  form  alternate  saddles  and  troughs.  The  saddles  are 
auficlines,  the  troughs  stjnclincs.   The  line  along  the  top  of  the  saddle 


FiQ.  153.— Vertical  Strata. 


Fig.  154. 
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Fig.  155. 


Fig.  156. — Section  of  Undulating  Strata. 


is  an  anticlinal  axis,  the  line  along  the  bottom  of  the  trough  a  syn- 
clinal axis.    If  it  were  not  for  erosion,  the  anticlines  would  be  ridges 

and  the  synclines  val- 
leys. If  erosion  cuts 
down  to  nearly  a 
plane,  as  in  Fig.  155, 
then  an  anticline  is 
known  by  the  strata 
being   repeated  on 

each  side  of  an  axis  and  dipping  away  from  one  another;  a  syncline 
by  the  strata  also  repeated  on  each  side  of  an  axis  but  dipping  toward 
one  another.  In  the  one  case  the  oldest  and  lowest  strata  are  on  the 
axis  and  they  become  higher 
and  newer  as  we  go  either 
way ;  in  the  other  the  upper- 
most and  newest  strata  are 
along  the  axis,  and  they  be- 
come lower  and  older  as  we 
go  either  way. 

But  erosion  usually  forms  ridges  and  valleys.  In  this  case  some- 
times the  ridges  are  anticlines  and  the  valleys  synclines,  as  in  Fig.  156, 

but  sometimes  the  reverse 
is  true.  It  is  very  common 
to  have  synclinal  ridges  and 
anticlinal  valleys  (Fig.  157). 
In  this  case  the  original 
configuration  is  completely 
reversed  by  erosion.  This 
will  be  explained  in  another  chapter  (p.  280). 

Fig.  156  and  the  following  figures  (158  and  159)  will  illustrate 
some  of  these  points.  Suppose  we  have  strata  gently  folded,  so  as  to 
make  an  anticline  and  syncline,  and 
then  the  whole  tilted  and  finally 
eroded  down  to  a  nearly  level  sur- 
face. The  map  of  the  outcrop  of 
such  a  series  is  shown  in  Fig.  158, 
in  which  A  A'  is  an  anticline  and 
B  B'  a  syncline,  and  the  arrows  show 
the  dip  on  either  side  of  the  axes 
and  also  the  general  dip  of  the 
whole  northward.  Fig.  156  is  a 
section  of  the  same.  The  sinuosity 
of  the  outcrop  is,  of  course,  the  necessary  result  of  the  folding  and 
tilting.    We  have  supposed  the  strata  folded  and  tilted,  and  then 


Fig.  157. 


Fig.  1.58.— Pliiii  of  Uiuliiliiting  Strata.  Tlu; 
arrows  show  the  direction  of  dip. 
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Fig.  159.— The  arrows  show  the  direction  of  dip. 


showed  what  the  outcrop  would  be.  The  field  geologist,  of  course, 
follows  the  reverse  method  :  he  works  out  the  outcrop,  and  infers  the 
structure  and  position  of  strata.  If  the  strata  had  been  simply  folded 
but  not  tilted,  then  the  outcrop  of  the  same  section  (Fig  150)  would 
be  much  simpler,  i.  e.,  in  parallel  lines  as  in  Fig.  159. 

The  cases  represented  by  these  figures  are  comparatively  simple, 
and  we  have  supposed  the 
soil  removed,  so  that  the 
outcrop  is  easily  traced. 
But  when  we  remember — 
1.  The  great  complexity  of 
the  outcrop  often  produced 
by  folding  and  tilting;  2. 
That  it  is  very  much  in- 
creased by  inequalities  of  erosion  :  3.  That  it  is  still  further  increased 
by  fissuring  and  displacement ;  and,  worst  of  all,  4.  That  the  rocks 
are  largely  covered  by  soil — we  easily  see  the  difficulty  of  the  task 
of  making  a  good  geological  map  and  section  of  any  region. 

Conformity  and  Unconformity. — We  have  just  seen  that  all  land- 
surfaces  are  deeply  eroded  and  the  strata  are  left  with  their  edges  ex- 
posed. We  have  also  seen  (pp.  140-145)  that  the  crust  of  the  earth  is 
everywhere  in  a  state  of  slow  movement :  in  some  places  sea-bottoms 
are  rising  and  becoming  land-surfaces,  in  others  land-surfaces  are  sink- 
ing to  become  sea- 
bottoms.  Now, 
the  same  thing  has 
taken  place  in 
earlier  geological 
times.  Suppose, 
then,  an  eroded 
land  -  surface  with 
the  strata  ■ 
exposed,  to 
down  and  become 
ocean-bottom,  and 
receive  sediments 
coveringthe  strata- 
edges  and  filling 
the  erosion  -  hol- 
lows, and  after- 
ward to  rise  again 
and  be  submitted 


edges 
sink 


Fio.  ICO.— Some  C'nscs  of  Unconformity. 


to  the  inspection  of  the  geologist;  Fig.  160  represents  in  section  what 
he  would  see.    They  are  interpreted  as  follows  :  In  A  and  B  the  lower 
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series  of  strata  was  first  deposited  ;  tlien  the  sea-bottom  was  raised  to 
laud-surface  and  the  strata  tilted  and  eroded;  then  it  went  down  a^ain 
and  received  the  upper  series ;  and,  finally,  was  raised  and  inspected 
by  the  geologist.  In  C  the  process  was  the  same,  except  tliat  the  first 
series  of  strata  was  raised  without  tilting.  In  D  the  second  series  of 
strata  loas  also  tilted  in  the  second  raising.  Now,  the  strata  of  each 
series  are  said  to  be  conformable  among  themselves,  but  the  two  series 
are  unconformable  with  one  another. 

Definition. — Therefore,  strata  are  said  to  be  conformable  when  they 
are  j^arallel.,  continuous.,  and  therefore  formed  under  the  same  condi- 
tions,nn^  are  unconformable  when  they  are  discontinuous, 'dniX  formed 
under  different  conditions;  the  discontinuity  being  ahoays  marked  by 
an  old  eroded  land-surface.  Unconformable  strata  are  usually  non- 
parallel,  and  this  is  often  made  a  part  of  the  definition ;  but  this  is 
not  necessary.  In  Fig.  160,  C,  there  is  no  want  of  ijarallelism.  The 
reason  we  have  already  explained. 

A  section  like  any  one  of  the  foregoing — among  the  commonest  in 
geology — reveals  many  interesting  events:  1.  A  long  period  of  quiet, 
during  which  sediments  of  the  first  series  were  deposited  continuously 
on  a  sea-bottom.  The  length  of  this  period  is  measured  by  the  thick- 
ness of  the  series.  2.  A  period  of  elevation,  during  which  the  sea- 
bottom  became  land-surface.  We  have  no  means  of  estimating  the 
length  of  this  period.  3.  h.  long  period  during  which  the  land-surface 
became  deeply  eroded.  The  length  of  this  period  is  measured  by  the 
amount  of  erosion.  4.  A  period  of  subsidence,  during  which  the  land- 
surface  became  sea-bottom.  We  can  not  estimate  the  lensrth  of  this. 
5.  A  long  period  of  quiet,  during  which  the  second  series  of  sediments 
was  continuously  deposited.  This  period  is  estimated  by  the  thickness 
of  the  sediments.  6.  Another  period  of  elevation  by  which  the  whole 
was  brought  into  view.  Therefore  a  line  of  unconformity  marks  a 
land-surface  period  between  two  sea-bottom  periods  at  that  place.  It 
is  evident  that  the  first  stratum  above  a  line  of  unconformity  is  usually 
a  conglomerate,  marking  an  old  sea-beach.  The  process  is  more  fully 
explained  in  connection  with  a  concrete  example  on  page  30G  of  Part  III. 

It  is  evident,  then,  that  every  case  of  unconformity  represents  a  gap 
in  the  geological  record  at  that  place;  for  the  geological  record  is  written 
on  strata,  and  unconformity  means  a  land-surface  period,  during  which 
there  was  erosion  instead  of  sedimentation,  record-destroying  instead  of 
record-making.  The  gap  may  be  filled  and  the  record  recovered  by 
sediments  formed  at  that  time  in  some  other  place.  This  is  usually 
the  case,  but  not  always.  The  loss  of  record  may  be  partly  by  erosion, 
but  mostly  because  not  written  at  that  place. 

Now,  such  unconformities  and  lost  records  are,  as  we  have  seen,  the 
result  of  crust  oscillations.  But  crust  oscillations  produce  necessarily 
changes  in  physical  geography,  and  therefore  changes  of  climate,  and 
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tlierefore  also  changes  of  faunas  and  floras.  They  consequently  mark 
the  great  divisions  and  subdivisions  of  geological  history. 

Geological  Formations. — A  group  of  strata  conformable  throughout 
and  containing  continuous  record,  and  separated  from  other  con- 
formable groups  by  a  line  of  unconformity,  is  called  a  geological  for- 
mation. There  are,  however,  other  tests  of  a  formation,  by  which 
hereafter  we  will  complete  the  definition. 

Cleavage  Structure* 

We  have  thus  far  spoken  only  of  the  original  and  universal  structure 
of  stratified  rocks,  together  with  the  tillings,  foldings,  and  erosion,  to 
which  they  have  been  subjected.  There  is,  however,  often  found  in 
stratified  rocks  a  su,perinduGed  structure  which  simulates,  and  is  often 
mistaken  for  stratification.  It  is  called  cleavage  structure,  or  (since  it 
is  usually  found  in  slates)  slaty  cleavage.  This  subject  has  recently 
attracted  much  attention,  and  is  an  admirable  example  of  the  successful 
application  of  physics  to  the  solution  of  problems  in  geology. 

Cleavage  may  be  defined  as  the  easy  splitting  of  any  substance  in 
planes  parallel  to  each  other.  Such  definite  splitting  may  result,  in 
different  cases,  from  entirely  different  causes.  For  example  (a),  under 
the  influence  of  the  sorting  power  of  water,  sedimentary  materials  may 
be  so  arranged  as  to  give  rise  to  easy  splitting  along  the  planes  of  lami- 
nation. Many  rocks  may  be  thus  split  into  large  coarse  slabs  called 
flag-stones,  and  are  used  for  paving  streets,  or  even  sometimes  as  roof- 
ing-slates. This  may  be  c&WeA  flagstone  cleavage.,  or  lamination  cleav- 
age. Again  (i),  the  arrangement  of  the  ultimate  molecules  of  a  mineral 
under  the  influence  of  molecular  or  crystalline  forces  gives  rise  to  an 
exquisite  splitting  along  the  planes  parallel  to  the  fundamental  faces 
of  the  crystal.  This  is  called  crystalline  cleavage.  Again  (c),  the  ar- 
rangement of  the  wood-cells  under  the  influence  of  vital  forces  gives 
rise  to  easy  splitting  of  wood  in  the  direction  of  the  silver-grain.  This 
may  be  called  organic  cleavage. 

Now,  in  certain  slates  and  some  other  rocks  is  found  a  very  perfect 
cleavage  on  a  stupendous  scale.  Whole  mountains  of  strata  may  be 
cleft  from  top  to  bottom  in  thin  slabs,  along  planes  parallel  to  each 
other.  The  planes  of  cleavage  seem  to  have  no  relation  to  the  strata, 
but  cut  through  them,  maintaining  their  parallelism,  however  the  strata 
may  vary  in  dip  (Fig.  161).  Usually  the  cleavage-planes  are  highly 
inclined,  and  often  nearly  perpendicular.  It  is  from  the  cleaving  of 
such  slates  that  roofing-slates,  ciphering-slates,  and  blackboard-slates 


*  This  structure  is  usually  treated  under  inetamorphic  rocks,  as  n  kind  of  metamor- 
phism  ;  but  it  la  found  in  rocks  which  have  not  undergone  ordinary  nictamorphic  changcsi 
and  it  is  produced  by  an  entirely  diiTcrcnt  cause. 
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are  made.  This  remarkable  structure  has  long  excited  the  interest  of 
geologists,  and  many  theories  have  been  proposed  to  explain  it. 

On  cursory  examination  of  such  rocks,  the  first  impression  is,  that 
the  cleavage  is  but  a  very  perfect  example  of  flag-stoue  or  lamination 

cleavage  —  that  the 
cleavage-planes  are 
in  fact  stratification- 
planes,  and  that  we 

Fig.  161.— cicavage-piauea  cutting  through  Strata.  have  here  an  admi- 

rable   example  of 

finely  laminated  rocks  which  have  been  highly  tilted  and  then  the 
edges  exposed  by  erosion.  Closer  examination,  however,  will  generally 
show  the  falseness  of  this  view.  Fig.  162  represents  a  mass  of  slate  in 
which  three  kinds  of  structure  are  distinctly  seen,  viz.,  joint  faces^  A, 
B,  C,  J,  J;  stratification-planes,  S  8  S,  gently  dipping  to  the  right; 
and  cleavage  -  planes,  highly  inclined,  D  D,  cutting  through  both. 
Cleavage-planes  are  therefore  not  stratification-planes. 

Again,  it  has  been  compared  to  crystalline  cleavage,  on  a  huge  scale. 
It  has  beeii  supposed  that  electricity  traversing  the  earth  in  certain  di- 
rections, while  certain  rocks  were  in  a  semi-fluid  or  plastic  state  through 
heat,  arranged  the  particles  of  such  rocks  in  a  definite  way,  giving  rise 
to  easy  splitting  in  definite  directions.  In  support  of  this  view  it  was 
nrged  that  cleaved  slates  are  most  common  in  metamorphic  regions; 
and  metamorphism,  as  we  shall  see  hereafter  (p.  221  et  seq.),  indicates 
the  previous  plastic  state  of  rocks,  which  is  a  necessary  condition  of  the 
rearrangement  of  the  particles  by  electricity.  The  great  objections  to 
this  theory  are — 1.  That  the  cleavage  is  not  like  crystalline  cleavage, 
between  ultimate 
molecules,  and 
therefore  perfect- 
ly smooth,  but 
between  discreet 
and  quite  visible 
granules ;  and,  2. 
That  although  the 
phenomenon  is 
indeed  most  com- 
mon in  metamor- 
phic rocks,  yet  metamorphism  is  by  no  means  a  necessary  condition ; 
on  the  contrary,  when  the  real  necessary  conditions  are  present,  the 
less  the  metamorphism  the  more  perfect  the  cleavage. 

It  is  evident,  therefore,  that  slaty  cleavage  is  not  due  to  any  of  the 
causes  spoken  of  above.  It  is  not  flag-stoue  cleavage,  nor  crystalline 
cleavage,  and  of  course  can  not  be  organic  cleavage. 


Pig.  102.— Strata,  Cleavage-Planes,  and  Joints. 
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Sharpe's  Mechanical  Theory.— The  first  decided  step  iu  the  riglit 
direction  was  iniide  by  Sliarpe.  According  to  him,  slahj  cleavage  is  al- 
wai/s  due  to  powerful  pressure  at  right  angles  to  the  planes  of  cleavage, 
Inj  which  the  pressed  mass  has  been  compressed  in  the  direction  of  press- 
ure and  extended  in  the  direction  of  the  dip  of  the  cleavage  planes. 
This  theory  may  be  now  regarded  as  completely  established  by  the 
labors  of  Sharpe,  Sorby,  Ilaughton,  Tyndall,  and  others.  We  will  give 
a  few  of  the  most  important  observations  which  establish  its  truth. 

(rt)  Distorted  Shells. — Many  cleaved  slates  are  full  of  fossils.  In 
such  cases  the  fossils  are  always  crushed  and  distorted  as  if  by  powerful 
pressure,  their  diame- 


Fio.  163.— Distorted  Fossils  (after  Sharps). 


ter  being  shortened  at 
right  angles  to  the 
cleavage,  and  greatly 
increased  in  the  direc- 
tion of  the  cleavage- 
planes.  The  follow- 
ing figures  (Fig.  163) 
are  examples  of  dis- 
tortion by  pressure. 
In  Fig.  163,  gives 
the  direction  of  the 
planes  of  cleavage ;  Figs.  1,  2,  3,  4,  represent  one  species ;  6,  6,  7,  8, 
another.  In  Fig.  164  still  another  species  is  represented  in  the  natural 
and  distorted  forms. 

{b)  Association  with  Foldings. — Cleavage  is  always  associated  with 
strong  foldings  and  contortions  of  the  strata.    The  folding  of  the 
strata  is  produced  by  horizontal  pressure ;  the  strike  of  the  strata,  or 
the  direction  of  the  anticlinal  and  synclinal  axes, 
''^  being  of  course  atright  angles  to  the  direction  of 

pressure.   Now,  if  cleavage  is  produced  by  the  same 

B 


Fio.  164.— Cardlum  Hillanam  :  A,  natural  form;  B  and  C,  deformed  by  pressure. 

pressure  which  folded  the  strata,  then  in  this  case  we  ought  to  find  the 
cleavage-planes  highly  inclined,  and  there  strike  parallel  with  the 
strike  of  the  strata;  and  such  we  find  is  usually  the  fact.  In  Fig.  165 
the  heavy  lines  represent  the  strata  and  the  light  lines  the  cleavage- 
planes,  both  outcropping  on  a  nearly  level  surface,  and  parallel  to  each 
other. 
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(c)  Association  loith  Contorted  Lamincn, — The  last  evidence  was 
taken  from  foldings  on  a  grand ■  scale  of  the  crust  of  the  earth;  but 
even  fine  lines  of  liiminatiou  are  often  thrown  into  intricate  foldings  by 
squeezing  together  in  the  direction  of  the  lamination-planes.  In  such 
case,  of  course,  the  cleavage  ought  by  theory  to  be 
at  right  angles  to  the  original  direction  of  the 
lamination,  and  in  such  direction  we  actually  find 
them.  Fig.  ICG  represents  a  block  of  rock  in  which 
three  lamination-lines  are  visible.  The  lower  one, 
f  d,  consists  of  coarse  sand  which  could  not  mash. 


Pig.  165.— Cleavage-PlaneB  intersecting  Strata. 


Pig.  166.— Cleavage-PlaneB 
(after  Tyndall). 


and  therefore  has  been  thrown  into  folds.  As  the  specimen  stands  in 
the  figure,  the  pressure  has  been  horizontal ;  the  perpendicular  lines 
represent  the  position  of  the  cleavage-planes.  Fig.  167  represents  a 
beautiful  specimen  of  laminated  slate,  in  which  the  lamination-planes 

have  been  thrown  into  folds  by 
pressure.    The  direction  of  the 
jiu^  pressure  is  obvious.   The  planes 

^^Hs,''^w^m^aBsA,  of  cleavage  are  parallel  to  the 

face,  c  jt?,  and  therefore  at  right 
angles  to  the  pressure. 

{d)  Flattened  Nodules. — In 
some  finely-cleaved  slates,  such 
as  are  used  for  writing-slates,  it 
is  common  to  find  small  light- 
greenish,  elliptical  spots  of  finer 
material.  In  clay  -  deposits  of 
the  present  day  it  is  also  com- 
mon to  find  imbedded  little 
round  nodules  of  finer  mate- 
rial. It  is  probable  that  the 
greenish  nodules  in  slate  were 
also  rounded  nodules  of  finer 
clay  in  the  original  clay-deposit 
from  which  the  slate  Avas  formed  by  consolidation.  But  in  cleaved 
slates  these  nodules  arc  always  very  much  flatteneil  in  the  direction  at 


Fig.  107.— a  Block  of  Cleaved  Slate  (after  Jukes). 
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right  angles  to  the  cleavage-planes,  and  spread  out  in  the  direction  of 
these  planes. 

(e)  Experimental  Proo/.— Finally,  experiments  by  Sorby  and  by 
Tyndall  show  that  clay  (the  basis  of  slates),  when  subjected  to  power- 
ful pressure,  exhibits  always  a  cleavage,  often  a  very  perfect  cleavage, 
at  right  angles  to  the  line  of  pressure. 

Physical  Theory. — Cleavage  is  certainly  produced  by  pressure,  but 
the  question  still  remains :  How  does  pressure  produce  planes  of  easy 
splitting  at  right  angles  to  its  own  direction  ?  What  is  the  physical 
explanation  of  cleavage  ? 

Sorby's  Theory.* — Mr.  Sorby's  view  is  that  all  cleaved  rocks  con- 
sisted, at  the  time  when  this  structure  was  impi-essed  upon  it,  of  a  plastic 
mass,  with  unequiaxed  incompressible  foreign  particles  disseminated 
through  it ;  and  that  by  pressure  the  unexqiiiaxed  particles  wei-e  turned 
so  as  to  bring  their  long  diameters  in  a  direction  more  or  less  nearly  at 
right  angles  to  the  line  of  pressure,  and  thus  determined  planes  of  easy 
fracture  in  that  direction.  Usually,  as  in  slates,  the  plastic  material  is 
clay,  and  the  unequiaxed  particles  are  mica-scales.  Let  A,  Fig.  168, 
represent  a  cube  of  clay  with  mica  disseminated.  If  such  a 
cube  be  dried  and  broken,  the  fracture  will  take  place  prin- 
cipally along  the  surfaces  of  the  mica,  which  may  therefore 
be  seen  glistening  on  the  uneven  surface  of  the  fracture ; 
but  if  the  cube,  while  still  plastic,  be  pi'essed  into  a  flat- 
tened disk,  then  the  scales  are  turned  with  their  long  diame- 
ters in  the  direction  of  extension  and  at.  right  angles  to 
the  line  of  pressure,  as  in  Fig.  168,  and 
the  planes  of  easy  fracture,  being  still  de- 
termined by  these  surfaces,  will  be  in  that 
direction. 

In  proof  of  this  view,  Mr.  Sorby  mixed 
clay  with  mica-scales  or  with  oxide-of-iron 
scales,  and,  upon  subjecting  the  mass  to 
powerful  compression  and  drying,  he  al- 
ways found  a  perfect  cleavage  at  right 
angles  to  the  line  of  pressure.  Furthermore,  by  microscopic  examina- 
tion he  found  that  both  in  the  pressed  clay  and  in  the  cleaved  slates 
the  mica-scales  lay  in  the  direction  of  the  cleavage-planes. 

Although  cleavage  is  most  perfect  in  slates,  yet  other  rocks  are 
sometimes  affected  with  this  structure.  In  a  specimen  of  cleaved  lime- 
stone, Sorby  found  under  the  microscope  unequiaxed  fragments  of 
broken  shells,  corals,  crinoid  stems,  etc.  (organic  particles),  in  a  homo- 
geneous limestone-paste,  lying  with  their  long  diameters  in  the  direc- 


1/  /  II 


B 


Fio.  108.— IlliiPtrating  Sorby's  1  lie- 
ory  of  Slaty  Cleavage  (after  Sorby). 


*  Philosophical  Magazine,  second  scries,  vol.  xi,  p.  20. 
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Pig.  169. — Illustrating  Sorby's  Theory 
of  Slaty  Cleavage  (after  Sorby). 


iion  of  cleavage.  Originally  the  limestone  was  a  lime-mud  with  (he 
supposes)  uuequiaxed  organic  particles  disseminated.  In  some  cases, 
however,  Sorby  recognized  the  very  important  fact  that  the  organic 
fragments  which  were  encrinal  joints,  had  been  flattened  by  presmre — 
had  changed  their  form  instead  of  their  position.    A,  Fig.  169,  gives  a 

section  of  the  mass  in  the  supposed  origi- 
nal condition,  and  B  the  condition  after 
pressure.  This  observation  contained  the 
germ  of  the  theory  proposed  by  Tyndall. 

Tyndall's  Theory.* — Tyndall  was  led 
to  reject  Sorby's  theory  by  the  observation 
that  cleavage  structure  was  not  confined 
to  masses  containing  unequiaxed  particles 
of  any  kind,  but,  on  the  contrary,  the 
cleavage  is  more  perfect  in  proportion  as 
the  mass  is  free  from  all  such  particles. 
Clay,  deprived  of  the  last  trace  of  foreign 
particles  by  the  sorting  power  of  water, 
when  pressed,  cleaved  in  the  most  perfect 
manner.  Common  beeswax,  flattened  by 
powerful  pressure  between  two  plates  of  glass  and  then  hardened  by 
cold,  exhibits  a  most  beautiful  cleavage  structure.  Almost  any  sub- 
stance— curds,  white-lead  powder,  plumbago — subjected  to  powerful 
pressure,  exhibits  to  some  extent  a  similar  structure.  Tyndall  explains 
these  facts  thus :  Nearly  all  substances,  except  vitreous,  have  a  gran- 
ular or  a  crystalline  structure,  i.  e.,  consist  entirely  of  discrete  gran- 
ules or  crystals,  with  surfaces  of  easy  fracture  between  them.  When 
such  substances  are  broken,  the  fracture  takes  place  between  the  crys- 
tals or  granules,  producing  a  rough  crystalline  or  granular  surface, 
entirely  different  from  the  smooth  surface  of  vitreous  fracture.  Marble, 
cast  iron,  earthenware,  and  clay,  are  good  examples  of  crystalline  and 
granular  structure.  Now,  if  a  mass  thus  composed  yield  to  pressure, 
every  constituent  granule  is  flattened  into  a  scale,  and  the  structure  be- 
comes scaly  ;  and  as  the  surfaces  of  easy  fracture  will  still  be  between 
the  constituent  scales,  we  have  cleavage  at  right  angles  to  the  line  of 
pressure.  A  mass  of  iron,  just  taken  from  the  puddling-furnaco  and 
cooled,  exhibits  a  granular  structure ;  but  if  drawn  out  into  a  bar,  each 
granule  is  extended  into  a  thread,  and  the  structure  becomes  fibrous  ; 
or  if  rolled  into  a  sheet,  each  granule  is  flattened  into  a  scale,  and  we 
have  a  cleavage  structure. 

There  can  be  little  doubt  that  this  is  the  true  explanation  of  slaty 
cleavage.    The  change  of  form  whicli,  as  we  have  seen,  has  taken  place 


*  Philosophical  Magazine,  second  series,  vol.  xii,  p.  35. 
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in  the  fossil-shells,  encrinal  joints,  and  rounded  nodules,  has  affected 
every  constituent  granule  of  the  original  earthy  mass,  so  that  the  struct- 
ure becomes  essentially  scaly  instead  of  granular ;  the  cleavage  being 
between  the  constituent  scales.  Sorby,  it  is  true,  in  his  observations 
ou  cleavage  limestones,  recognized  the  true  cause  of  cleavage,  viz.,  the 
t7irt«^e  o//o?'m  of  discrete  particles ;  but  he  regarded  this  as  subordi- 
nate td  change  of  position.  Besides,  the  particles  of  Sorby  were  for- 
eign^ which  Tyndall  has  shown  to  be  unnecessary ;  while  the  particles 
of  Tyndall  are  constituent. 

Geological  Application. — It  may  be  considered,  therefore,  as  certain 
that  cleaved  slates  have  assumed  their  peculiar  structure  under  the  in- 
fluence of  powerful  pressure  at  right  angles  to  the  cleavage-planes,  by 
which  the  whole  squeezed  mass  is  mashed  together  in  one  direction  and 
extended  in  another.  Taking  any  ideal  sphere  in  the  original  unsqueezed 
mass:  after  mashing  the  diameter  in  the  line  of  pressure  has  been  short- 
ened, the  diameter  in  the  line  of  cleavage-t??jo  has  been  correspondingly 
extended,  and  the  diameter  in  the  line  of  cleavage-strike  unaffected  (since 
extension  of  this  diameter  in  any  place  must  be  compensated  by  short- 
ening in  a  contiguous  place  right  or  left) ;  so  that  the  original  sphere 
has  been  converted  into  a  greatly-flattened  ellipsoid  of  three  unequal 
diameters.  The  amount  of  compression  and  extension  may  be  estimated 
in  the  case  a  by  the  amount  of  distortion  of  shells  of  known  form  (Figs. 
163  and  164) ;  in  the  case  c  by  a  comparison  of  the  transverse  diame- 
ter of  the  block  with  the  length  of  the  folded  line  f  d  (Fig.  166) ;  in 
the  case  d  by  the  relation  between  the  diameters  of  the  elliptic  spots. 
By  these  means,  but  principally  by  the  first,  Haughton*  has  estimated 
that  an  original  ideal  sphere  has  been  changed  into  an  ellipsoid,  whose 
greatest  and  shortest  diameters  are  to  each  other,  in  some  cases,  ^s  2  : 1, 
in  others  as  3  :  1,  4  :  1,  6  or  7  :  1,  9  :  1,  and  in  some  even  11  :  1.  The 
average  in  well-oleaved  slates,  according  to  Sorby,  is  about  G  :  1.  Now, 
since  this  ratio  is  the  result  partly  of  compression  and  partly  of  exten- 
sion, it  is  evident  that  either  the  compression  alone  or  the  extension 
alone  would  be  the  square  roots  of  these  ratios.  Therefore,  we  may 
assume  the  average  compression  as  2^  :  1,  and  the  average  extension 
as  1  : 

It  is  impossible  to  overestimate  the  geological  importance  of  these 
facts.  Whole  mountains  of  strata,  whole  regions  of  the  earth's  crust, 
are  cleaved  to  great  and  unknown  depths,  showing  that  the  crust  has 
been  subjected  to  an  almost  inconceivable  force,  squeezing  it  together 
in  an  horizontal  direction  and  swelling  it  upward.  This  upward  swell- 
ing, or  thickening  of  the  strata  by  lateral  squeezing,  is  a  probable  cause 
of  gradual  elevation  of  the  earth's  crust,  which  has  not  been  sufficiently 


*  Philosophical  Magazine,  fourth  series,  vol.  xii,  p.  409. 


196 


STRATIFIED  Oil  SEDIMENTARY  ROCKS. 


noticed  by  geologists.  We  will  speuk  again  of  this  important  subject 
in  our  discussion  of  mouutuin-formation. 

There  are  reasons  for  believing  tliat  the  squeezing  did  not  take 
place,  and  the  structure  was  not  formed,  while  the  strata  were  in  their 
original  condition  of  plastic  sediment,  but  after  they  had  been  consoli- 
dated into  rock  and  the  contained  fossils  had  been  completely  petrified, 
otherwise  the  shells  must  have  been  broken  by  the  pressure.  Yet,  on 
the  other  hand,  some  degree  of  plasticity  seems  absolutely  necessary  to 
account  for  so  great  a  compression  in  one  direction  and  extension  in 
another  without  disintegration  of  the  mass.  It  seems  most  probable 
that  at  the  time  the  structure  was  produced  these  rocks  were  deeply 
buried  beneath  other  rocks  and  in  a  somewhat  plastic  state,  through 
the  influence  of  heat  in  the  presence  of  water.  Afterward,  they  were 
exposed  by  erosion. 

Nodular  or  Concretionary  Structure. 

In  many  stratified  rocks  are  found  nodules  of  various  forms  scattered 
through  the  mass  or  in  layers  parallel  to  the  planes  of  stratification. 
Like  slaty  cleavage,  this  structure  is  the  result  of  internal  changes  sub- 
sequent to  the  sedimentation  ;  for  the  planes  of  stratification  often  pass 
directly  through  the  nodules  (Figs.  170  and  171).    The  flint  nodules  of 


Pig.  170.  Fio-  l''!. 


the  chalk,  and  the  clay  iron-stone  nodules  of  the  coal  strata  and  hy- 
draulic lime-balls,  common  in  many  clays,  are  familiar  illustrations  of 
this  structure. 

Cause.— Nodular  concretions  seem  to  occur  whenever  a  more  solu- 
ble or  more  suspensible  substance  is  diffused  in  small  quantities 
through  a  mass  of  entirely  different  and  more  fixed  material.  Thus, 
if-  strata  of  sandstone  or  clay  have  small  quantities  of  carbonate  of  lime 
or  carbonate  of  iron  diffused  through  them,  the  diffused  particles  of 
lime  or  iron  will  gradually,  by  a  process  little  understood,  segregate 
themselves  into  more  or  less  spherical  or  nodular  masses,  in  some  cases 
almost  pure,  but  generally  inclosing  a  considerable  quantity  of  the 
material  of  the  strata.  In  this  manner  lime-balls  and  iron-ore  balls 
and  nodules,  so  common  in  sandstones  and  clays,  are  formed.  In  like 
manner,  the  fiint  nodules  of  the  chalk  were  formed  by  the  segregation 
of  silica,  originally  diffused  in  small  quantities  through  the  chalk-.«odi- 
ment.    Verv  often  some  foreign  substance  forms  the  nucleus  about 
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which  the  segregation  commences.  On  breaking  a  nodule  open,  a 
shell  or  some  other  organism  is  often  found  beautifully  preserved. 
These  nodules,  therefore,  are  a  fruitful  source  of  beautiful  fossils.  In 


Fig.  172. 


Fig.  173. — Dolomite  containing  Concretions,  Suuderland 
(after  Jukes). 


most  cases,  probably  in  all  cases,  the  segregating  substance  must  have 
been  to  some  extent  soluble  in  water  pervading,  or  snspensible  in  Avater 
percolating  the  stratum  ;  and  the  reason  why  they  are  so  frequently 
associated  with  fossils  is  that  decomposing  organic  matter  renders 
many  substances  such  as  lime  carbonate,  iron  oxide,  and  silica  more 
soluble.  Sometimes  tlie  nodules  run  together,  forming  a  more  or  less 
continuous  stratum  (Fig.  176).  In  such  cases,  the  segregating  material 
is  more  impure. 

Forms  of  Nodules. — The  typical  and  most  common  form  is 
globular.  This  is  well  seen  in  lime-balls  and  iron-balls.  Sometimes 
these  balls  are  solid,  sometimes  they  have  irregular  cracks  in  the 
center  (Fig.  172),  sometimes  they  have  a  radiated  structure  (Fig.  173), 
sometimes  they  are  hollow  like  a  shell  (this  is  common  in  iron  balls). 
They  vary  in  size  from  that  of  a  pea  to  six  and  eight  feet  in  diameter. 


Fio.  174.— A  Curious  Form  of  Concretion  (after  Qratacap). 

Often,  however,  instead  of  the  spherical  form,  they  take  on  various  and 
strange  and  fantastic  shapes  (Fig.  174),  sometimes  like  a  dumb-bell, 
sometimes  a  flattened  disk,  sometimes  a  ring,  sometimes  a  flattened 
ellipsoid,  regularly  seamed  on  the  surface  like  the  shell  of  a  turtle 
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(turtle-stones).  They  are  often  mistaken  by  unscientific  observers  for 
fossils. 

Kinds  of  Nodules  found  in  Different  Strata,— In  sandstone  strata 
the  nodules  are  commonly  carbonate  of  lime  or  oxide  of  iron  (lime  or 

iron-balls).  In  day 
strata  they  are  car- 
bonate of  lime  or  car- 
bonate of  iron  (clay 
iron  -  stone  of  coal 
strata),  or  a  mixture 
of  these  (Roman  ce- 
ment nodules  of  the 
London  clay). 

In  pure  limestone 
the  nodules  are  al- 
ways silica,  and  con- 
versely pure  silica 
nodules  are  peculiar  to 
limestone.  The  flint 
nodules  of  the  chalk  are  remarkable  for  being  arranged  in  planes 
parallel  to  the  planes  of  stratification  (Fig.  175).  Sometimes  the 
siliceous  matter  segregates 
in  continuous  strata  of  sili- 
ceous limestone  (Fig.  176). 

In  the  cases  thus  far 
spoken  of,  the  nodules  are 
scattered  through  the  mass 
of  the  strata  or  arranged  in 
planes  parallel  to  the  planes 
of  stratification.  But  in 
some  cases  the  whole  mass 
of  the  rock  assumes  a  con- 
cretionary or  concentric 
structure.  The  cause  of 
this  is  still  more  difficult 

to  explain.  Pia.  176.— Chalk-Clifls. 

Fossils:  their  Origin  and  Distribution. 

Stratified  rocks,  as  we  have  already  seen,  are  sediments  accumulated 
in  ancient  seas,  lakes,  deltas,  etc.,  and  consolidated  by  time.  As  now, 
so  then,  dead  shells  were  imbedded  in  shore-deposits ;  leaves  and  logs 
of  high  land-plants,  and  bones  of  land-animals,  were  drifted  into 
swamps  a7id  deltas  and  buried  in  mud ;  and  tracks  were  formed  on 
flat,  muddy  shores  by  animals  walking  on  them.    These  have  been 


Fig.  175.— Chalk-CliffB  with  Flint  Nodules. 
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preserved  witli  more  or  less  change,  and  are  even  now  found  in  great 
numbers  iuclosed  in  stratified  rocks.  They  are  called  fossils.  A 
fossil,  therefore,  is  any  evidence  of  the  former  existence  of  a  living 
being.  Fossils  are  the  remains  of  the  faunas  and  floras  of  previous 
geological  epochs.  There  presence  is  the  most  constant  characteristic 
of  stratified  rocks. 

Degrees  of  Preservation. — Sometimes  only  the  tracks  of  animals,  or 
impressions  of  leaves  of  plants,  are  preserved.  More  commonly  the 
bones  or  shells,  or  other  hard  parts  of  animals,  are  preserved  with  vari- 
ous degrees  of  change.  Sometimes  even  the  soft  and  more  perishable 
tissues  are  preserved.  We  will  treat  of  these  degrees  under  three  prin- 
cipal heads. 

1.  Decomposition  prevented-  and  the  Organic  Matter  more  or  less 
completely  preserved. — Oases  of  this  kind  are  usually  found  in  compar- 
atively rece7it  strata,  and  imbedded  either  in  frozen  soils,  or  in  peat,  or 
in  stiff  clays ;  although  some  cases  of  partial  preservation  of  the  or- 
ganic matter  are  found  even  in  old  rocks.  Extinct  elephants  have  been 
found  frozen  in  the  river-blufEs  of  Siberia  so  perfectly  preserved  that 
dogs  and  wolves  ate  their  flesh.  Skeletons  of  men  and  animals  are 
found  in  peat-bogs  and  stiff  clays  of  a  comparatively  recent  formation, 
the  organic  matter  of  which  is  still  preserved.  In  clays  of  the  Tertiary 
period  the  imbedded  shells  still  retain  the  epidermis,  and  even  in  the 
Lias  (Mesozoic)  shells  are  found  retaining  the  nacreous  luster.  Coal  is 
vegetable  matter  changed  but  not  destroyed.  It  is  found  in  almost 
every  formation,  even  down  to  the  oldest.  Every  degree  of  change  may 
be  traced  in  different  specimens  of  fossil  wood,  between  perfect  wood 
and  perfect  coal. 

2.  Petrifaction :  Organic  Form  and  Structure  preserved. — In  the 
last  case  the  organic  matter  is  more  or  less  preserved.  In  the  case 
now  to  be  described  the  organic  matter  is  entirely  gone ;  but  the  or- 
ganic form  and  the  organic  stru.cture  are  preserved  in  mineral  matter. 
This  is  what  is  usually  called  petrifaction  or  mineralization.  The  best 
example  of  this  is  petrified  luood.  In  a  good  specimen  of  petrified 
wood,  not  only  the  external  form  of  the  trunk,  not  only  the  general 
structure  of  the  stem — viz.,  pith,  wood,  and  bark— not  only  the  radiating 
silver-grain  and  the  concentric  rings  of  growth,  are  discernible,  but 
even  the  microscopic  cellular  structure  of  the  wood,  and  the  exquisite 
sculpturings  of  the  cell-walls  themselves,  are  perfectly  preserved,  so 
that  the  kind  of  wood  may  often  be  determined  by  the  microscope  with 
the  utmost  certainty.  Yet  not  one  particle  of  the  organic  matter  of 
the  wood  remains.  It  has  been  entirely  replaced  by  mineral  matter; 
usually  by  some  form  of  silica.  The  same  is  true  of  shells  and  bones 
of  animals;  but  as  shells  and  bones  consist  naturally  partly  of  organic 
and  partly  of  mineral  matter,  very  often  it  is  only  the  organic  matter 


200 


STUATIFIEI)  OR  8EDIMENTARY  RUCKS. 


which  is  replaced,  although  sometimes  the  original  mineral  matter  is 
also  replaced  by  silica  or  other  mineral  substance.  The  radiating  struct- 
ure of  corals  or  the  microscopic  structure  of  teeth,  bones,  and  shells,  is 
often  beautifully  preserved.  This  kind  of  preservation  for  shells  and 
corals  is  most  common  in  limestones  and  clays ;  for  wood,  in  gravels. 

Theory  of  Petrifaction. — If  wood  be  soaked  in  a  strong  solution  of 
sulphate  of  iron  (copperas)  and  dried,  and  the  same  process  be  repeat- 
ed until  the  wood  is  highly  charged  with  this  salt,  and  then  burned, 
the  structure  of  the  wood  will  be  roughly  preserved  in  the  peroxide  of 
iron  left.  Also,  it  is  well  known  that  the  smallest  fissures  and  cavities 
in  rocks  are  speedily  filled  by  infiltrating  waters  with  mineral  matters. 
Now,  wood  buried  in  soil  soaked  with  some  petrifying  material  becomes 
highly  charged  with  the  same,  and  the  cells  filled  with  infiltrated  mat- 
ter, and  when  the  wood  decays  the  petrifying  material  is  left,  retaining 
the  structure  of  the  wood.  But  this  is  not  all,  for  in  Nature  there  is 
an  additional  process^  not  illustrated  either  by  the  experiment  or  by 
the  example  of  infiltrated  fillings.  As  each  particle  of  organic  matter 
passes  away  by  decay,  a  particle  of  mineral  matter  takes  its  place,  until 
finally  the  whole  of  the  organic  matter  is  replaced.  Petrifaction,  there- 
fore, is  a  process  of  subsHtuiioji,  as  well  as  interstitial 
•f*  filling.    Now,  it  so  happens,  probably  from  the  difEer- 

/     ent  nature  of  the  process  in  the  two  cases,  that  the  in- 
terstitial filling  always  differs,  either  in  chemical  com- 
position or  in  color,  from  the  substituted  material. 
Fig  177  Thus  the  structure  is  still  visible,  though  the  mass  is 

solid.  If  Fig.  177  represent  a  cross-section  of  three 
petrified  wood-cells,  the  matter  filling  the  cells  {b)  is  always  different 
from  the  matter  forming  the  cell-wall  (a). 

The  most  common  petrifying  materials  are  silica,  carbonate  of  lime, 
and  sulphide  of  iron  (pyrites).  In  the  case  of  petrifaction  by  pyrites 
the  process  is  quite  intelligible,  but  the  structure  is  usually  very  imper- 
fectly preserved.  If  water  containing  sulphate  of  iron  (FeS04)  come 
in  contact  with  decaying  organic  matter,  the  salt  is  deoxidized  by  the 
organic  matter,  the  latter  passing  off  as  carbonic  acid  and  water,  and 
the  former  becomes  insoluble  sulphide  (FeSg),  and  is  deposited.  Now, 
as  each  particle  of  organic  matter  passes  away  as  COo  and  H-0,  the 
molecule  of  iron  sulphate  which  effected  the  change  is  itself  changed 
into  insoluble  sulphide,  and  takes  its  place. 

The  process  of  replacement  by  silica  (silicification)  is  less  clear,  but 
it  is  probably  as  follows :  Silica  is  found  in  solution  in  many  waters, 
being  held  in  this  condition  by  small  quantities  of  alkali  present  in  the 
waters.  In  contact  with  decomposing  wood  the  alkali  is  nevtraUzed 
ly  the  humic,  ulinic,  and  other  acids  of  decomposition,  and  the  silica 
therefore  deposited. 
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Fig.  178. 


',].  Organic  Form  only  preserved. — In  tlie  third  case  oi'ganic  mat- 
ter and  organic  structure  are  both  lost,  and  only  organic  form  is  pre- 
served. This  kind  of  fossilization  is  most  commonly  seen  in  shells.  It 
may  be  subdivided  into  four  subordinate  cases,  represented  in  section 
by  rt,  ^,  c,  and  d  of  Fig.  178.  In  this  figure  the  horizontal  lines  repre- 
sent the  original  sedi- 
ment which  may  or  may 
not  have  consolidated 
into  rock ;  the  vertical 
lines  represent  a  subse- 
quent filling  of  differ- 
ent and   usually  finer 

material.  In  a  we  have  a  mold  of  the  external  form  of  the  shell  pre- 
served in  sediment.  The  shell  with  the  undecayed  animal  was  im- 
bedded, and  afterward  entirely  dissolved  away,  leaving  only  the  hol- 
low mold.  In  l  the  same  process  has  taken  place,  only  the  mold  has 
been  subsequently  filled  by  infiltration  of  slightly  soluble  matters. 
In  this  case  we  have  both  the  mold  and  the  cast  of  the  external  form  ; 
the  mold  being  formed  of  sediment,  and  the  cast  of  infiltrated  matter. 
Tliese  are  always  of  different  materials,  i.  e.,  different  either  in  chem- 
ical composition  or  in  state  of  aggregation.  In  c  we  have  a  mold  of 
the  external  form  in  sediment,  and  a  cast  of  the  internal  form  in  the 
same  material  with  an  empty  space  between,  having  the  exact  form 
and  thickness  of  the  shell.  In  this  case,  the  already  dead  and  empty 
shell  was  imbedded  in  sediment,  ivhich  also  filled  its  interioi- ;  after- 
ward the  shell  was  removed,  leaving  an  empty  space.  In  d  this  empty 
space  was  subsequently  filled  by  infiltration.  In  shore  and  river  de- 
posits of  the  present  day  it  is  very  common  to  find  shells  imbedded  in, 
and  filled- with,  sand  or  mud.    In  the  more  recent  tertiary  rocks  shells 


Fio.  17U.— a,  Cast  of  interior; 
b,  natural  form. 


Fia.  180.— a,  Natural  form- 
al, cast  of  interior  and 
mold  of  exterior. 


Fig.  181.— Trigonia  Longa,  showing 
cast  (a)  of  the  exterior  and  (b)  of 
the  interior  of  the  shell. 


are  commonly  found  in  the  same  condition  precisely  ;  but  in  the  older 
rocks  more  commonly  the  original  shell  is  removed,  and  the  space  either 
left  empty  or  filled  by  infiltration.    Cases  c  and  d  are  well  represented 
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by  Figs.  179,  180,  and  181.  Cases  like  a  and  c  are  most  commonly 
found  in  porous  rocks  like  sandstone  ;  b  and  d,  especially  the  latter,  are 
found  in  all  kinds  of  rocks.  By  far  the  most  common  infiltration  fill- 
ings are  carbonate  of  lime  and  silica. 

Often  we  find  impressions  of.  the  forms  of  small  port  ions  only  of  the 
original  organism,  as  of  the  leaves  of  trees,  or  the  feet  of  animals  walk- 
ing on  the  soft  mud  of  the  flat  shores  of  ancient  bays.  Such  tracks 
were  afterward  covered  up  with  river  or  tidal  deposit,  and  thus  pre- 
served. On  cleaving  the  rock  along  the  lamination-planes  we  have  on 
one  side  a  mold  and  on  the  other  the  cast  of  the  foot. 

Between  cases  1  and  3  every  stage  of  gradation  may  be  traced. 
The  amount  of  change,  as  a  general  fact,  varies  with  the  age  of  the 
rock ;  but  is  still  more  dependent  on  the  kind  of  rock  and  the  degree 
of  metamorphism.  In  an  impermeable  rock,  like  clay,  the  changes  are 
much  more  slow  than  in  a  porous  rock,  like  sandstone. 

Distribution  of  Fo.ssils  in  the  Strata. 

The  nature  of  the  fossil  species  found  in  rocks  is  determined  partly 
by  the  ki?id  of  rock,  partly  by  the  country  where  the  rock  is  found,  and 
partly  by  the  age  of  the  rock. 

1.  Kind  of  Rock. — It  is  well  known  that  the  species  of  lower  marine 
animals  vary  with  the  depth.  They  also  vary  with  the  kind  of  bottom. 
Thus,  along  shore-lines  and  on  sand-bottom  the  species  differ  from 
those  in  deep  water  and  on  mud-bottom.  Shells  are  found  mostly 
along  shore-lines,  corals  in  opener  seas,  and  foraminifera  in  deej")  seas. 
The  same  was  true  in  every  previous  epoch.  We  might  expect,  there- 
fore, and  do  find,  that  the  lower  marine  fossils  of  sandstones,  shales, 
and  limestones,  differ  even  when  these  strata  belong  to  the  same  coun- 
try and  geological  epoch.  The  higher  marine  animals,  such  as  fishes, 
cuttle-fish,  etc.,  swimming  freely  in  the  sea,  are  more  independent  of 
bottoms,  and  we  find  their  skeletons  and  shells  equally  in  all  kinds  of 
strata.  Land  animals  perish  on  land,  and  their  skeletons  are  drifted 
into  bays,  river-deltas,  and  lakes,  and  buried  there  mostly  in  fresh- 
water or  brackish-water  deposits  of  sand  and  clay.  It  is,  therefore,  in 
such  strata  that  their  remains  are  commonly  found. 

2.  The  Country  where  found. — It  is  also  well  known  that  the 
faunas  and  floras  of  different  countries  at  the  present  time  differ  iis 
to  species,  and  often  as  to  genera  and  families ;  the  difference  being 
generally  in  proportion  to  the  difference  in  climate,  the  pliysical  bar- 
riers intervening,  and  the  length  of  time  during  which  the  barriers 
have  existed.  The  same  was  true  of  the  faunas  and  floras  of  previous 
epochs,  and  therefore  of  the  fossils  of  the  same  age  in  different  coun- 
tries. The  fossil  species  of  the  same  epoch  in  America,  in  Europe, 
and  in  Asia  are  not  usually  identical,  although  there  may  be  a  general 
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resemblance.  The  geographical  diversity,  however,  is  small  in  tlie 
lowest  and  oldest  rocks,  and  becomes  on  the  whole  greater  and  greater 
as  we  pass  upward  into  newer  and  newer  rocks,  and  is  greatest  in  the 
fauna  and  flora  of  the  present  day. 

3.  The  Age. — This  introduces  the  subject  of  the  laws  of  distribution 
of  organisms  in  time,  or  of  fossils  vertically  in  the  series  of  stratified 
rocks.  The  subject  will  be  more  fully  treated  in  Part  III,  of  which  it 
constitutes  the  principal  portion.  We  now  bring  out  only  so  much  as 
is  necessary  as  a  basis  of  classification  of  stratified  rocks. 

{a)  Geological  Fauna  and  Flora  and  Correspondiyig  Geological 
Period  and  Geological  Formation. — As  we  pass  from  the  oldest  and 
lowest  rocks  upward  to  the  newest  and  highest,  we  find  that  all  the 
species,  most  of  the  genera,  and  many  of  the  families,  change  many 
times.  Now,  all  the  species  of  animals  and  plants  inhabiting  the  earth 
at  one  time  constitute  the  fauna  and  flora  of  that  geological  time. 
Geological  faunas,  therefore,  have  changed  many  times.  In  a  con- 
formable series  of  rocks  the  change  from  one  fossil  fauna  or  flora  to 
another  succeeding  is  always  gradtcal,  the  species  of  the  later  fauna  or 
flora  gradually  replacing  those  of  the  earlier.  But  between  two  series 
of  unconformable  strata  the  change  is  sudden  and  complete — as  if  one 
fauna  and  flora  had  been  suddenly  destroyed  and  another  introduced. 
It  must  be  remembered,  however,  that  unconformity  always  indicates 
a  great  lapse  of  time  unrepresented  at  the  place  of  observation  by 
strata  or  fossils.  It  is  therefore  probable  that  the  apparent  suddenness 
of  the  change  is  only  the  result  of  our  ignorance  of  the  fauna  and  flora 
of  the  period  unrepresented,  and  this  is  confirmed  whenever  we  find 
the  intermediate  strata.  Nevertheless,  as  unconformity  always  in- 
dicates changes  of  physical  geography,  and  therefore  of  climate,  it  is 
probable  that  in  the  history  of  the  earth  there  were  periods  of  great 
changes,  marked  by  unconformity  of  strata,  during  which  changes  of 
species  were  more  rapid,  separated  by  periods  of  comjMrative  quiet, 
marked  by  conformity,  during  which  the  species  were  either  un- 
changed,  or  changed  sloioly.  Such  a  period  is  called  a  geological 
period  or  geological  epoch,  and  the  rocks  formed  during  a  geological 
period,  or  epoch,  is  called  a  formation. 

There  ai-e,  therefore,  two  tests  of  a  formation  and  a  corresponding 
geological  period,  viz.,  1.  Conformity  of  the  strata  or  rock-system,  and, 
2.  General  similarity  of  fossils,  or  life-system.  There  are  also  two 
modes  of  separating  formations  and  corresponding  periods,  viz.,  un- 
conformity of  the  rock-system,  and  great  and  sudden  change  of  the 
life-system.  A  geological  formation,  therefore,  may  be  defined  as  a 
group  of  conformable  rocks  containing  similar  fossils,  usually 
separated  from  other  similar  groups  containing  different  fossils  by  un- 
conformity.   A  geological  period  may  be  defined  as  a  period  of  com- 
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parative  qniot,  during  which  the  physical  geography,  climate,  and 
fauna  and  flora  were  substantially  the  same,  usually  separated  from 
otlier  similar  periods  by  changes  of  physical  geography  and  climate, 
which  resulted  in  changes  of  fauna  and  flora.  Of  these  two  tests,  how- 
ever, the  life-system  is  usually  considered  the  most  important,  and  in 
case  of  disagreement  must  control  classification. 

(b)  Geological  Fmcnas  and  Floras  differ  more  than  Geograpliical 
Faunas  and  Floras. — If  there  were  no  geographical  diversity,  species 
of  the  same  age  would  be  identical  all  over  the  earth,  and  therefore  it 
would  be  easy  to  determine  strata  of  the  same  age  (geological  horizon). 
On  the  other  hand,  if  geographical  diversity  in  any  age  were  as  great 
as  the  diversity  between  two  successive  ages,  then  it  would  seem  im- 
possible to  establish  a  geological  horizon.  But  this  law  states  that  the 
difference  between  two  successive  faunas  is  greater  than  between  two 
contiguous  faunas.  In  other  words,  the  species  of  successive  periods, 
or  fossils  of  successive  formations,  differ  from  each  other  more  than 
species  of  the  same  period  or  fossils  of  the  same  formation  in  different 
parts  of  the  earth.  There  is  a  general  similarity  in  the  species  of  the 
same  period  all  over  the  surface  of  the  earth.  Hence  by  comparison 
of  fossils  it  is  possible  to  determine  what  strata,  in  different  portions  of 
the  earth,  belong  to  the  same  period  (to  synchronize  strata).  The 
strata  all  over  the  earth,  which  were  formed  at  the  same  time,  are  said 
to  belong  to  the  same  geological  horizon.  Strata  of  the  same  horizon 
are  determinable  by  similarity  of  fossils  with  considerable  certainty, 
until  we  come  up  to  the  tertiary  rocks.  In  all  the  newer  rocks,  how- 
ever, the  geographical  diversity  is  so  great  as  to  interfere  seriously  with 
the  ability  to  synchronize  by  means  of  comparison  of  fossils.  Another 
method,  therefore,  is  used  for  these  higher  rocks. 

(c)  Increasing  Likeness  to  Existing  Forms. — By  examining  and 
comparing  fossils  from  the  lowest  to  the  highest  rocks,  it  has  been  ob- 
served that  there  is  a  steady  approacli  of  the  fossil  faunas  and  floras  to 
the  present  faunas  and  floras,  first  in  the  families,  then  in  the  genera, 
and  finally  in  the  species.  The  species  of  fossil  molluscous  shells  begin 
to  be  identical  with  molluscous  species  of  the  present  day  only  in  the 
tertiary  rocks,  and  the  proportion  of  identical  species  steadily  increases 
as  we  pass  upward.  Thus  in  the  newer  rocks,  just  where  the  other 
method  (comparison  of  fossil  faunas  with  one  another)  begins  to  fail, 
we  may  synchronize  strata  of  different  localities,  by  comparing  their 
shell  fauna  with  the  shell  fauna  of  the  present  day,  in  the  same  locali- 
ties. Those  are  said  to  he  of  the  same  age  tohich  contain  the  same  per- 
centage of  shells  identical  tvith  those  of  the  present  day.  To  this  we 
may  add  that,  if  not  species,  at  least  many  genera  and  families,  espe- 
cially among  vertebrates,  are  characteristic  of  each  horizon  even  of  the 
newest  rocks. 
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Section  2. — Classification  of  Stratified  Rocks. 

Geology  is  essentially  a  liistory.  Stnitified  rocks  are  the  leaves  on 
which  this  history  is  recorded.  The  fiindamentjil  idea  of  every  clas- 
sification is  therefore  relative  age.  The  object  to  be  attained  in  classi- 
fication is,  first,  to  arrange  all  rocks  in  chronological  order,  so  that  the 
history  may  be  read  as  it  was  written  ;  and  then,  second,  to  collect  them 
into  larger  and  smaller  groups,  called,  systems,  series,  formations,  cor- 
responding to  the  great  eras,  periods,  epochs,  of  the  earth's  history. 
There  are  several  different  methods  of  determining  the  relative  age  of 
rocks : 

1.  Order  of  Superposition. — It  is  evident,  from  the  manner  in  which 
stratified  rocks  are  formed — viz.,  by  sedimentation — that  their  original 
position  indicates,  with  absolute  certainty,  their  relative  age,  the  lower 
being  older  than  the  higher.  If,  therefore,  the  original  position  of  any 
series  of  strata  be  retained  or  not  very  greatly  disturbed,  and  we  have 
a  good  section,  the  relative  age  of  the  strata  which  compose  the  series 
may  be  easily  determined.  But  the  strata,  as  we  have  already  seen, 
have  in  many  cases  been  crushed  and  contorted  and  folded  in  the  most 
intricate  manner,  sometimes  even  turned  over ;  they  have  also  been 
broken  and  slipped,  and  large  masses  carried  away  by  erosion,  and  often 
so  changed  by  heat  and  other  agents,  that  their  stratification  is  nearly 
or  quite  obliterated.  For  these  reasons  it  is  often  very  difficult  to 
determine  the  relative  position,  and  thus  to  construct  an  ideal  sec- 
tion of  the  strata  of  a  series  of  rocks,  even  in  a  single  locality.  Nev- 
ertheless, the  method  of  superposition  is  conclusive,  and  takes  prece- 
dence of  all  others  whenever  it  can  be  applied.  In  spite  of  all  these 
difficulties,  if  the  whole  geological  series  were  present  in  any  one  lo- 
cality, it  would  be  comparatively  easy  to  construct  the  geological  chro- 
nology. 

But  a  series  of  rocks  in  any  one  locality  can  not  give  us  the  whole 
history  of  the  earth.  Since  sedimentation  only  takes  place  at  the  bot- 
tom of  water,  those  places  which  were  land- surfaces  during  any  geo- 
logical epoch  received  no  deposit,  and  therefore  the  strata  rej^resenting 
tlifit  epoch  must  be  wanting  there.  Now,  as  there  have  heen  frequent 
oscillations  of  land-surfaces  and  sea-bottoms  in  past  times,  similar  to 
those  taking  place  at  the  present  time,  we  find  that  in  every  known 
local  series  of  strata  tliore  exist  many  and  great  gaps ;  so  many  and  so 
great  that  the  record  may  be  regarded  as  only  fragmentary.  Such  gaps 
are  usually  indicated  by  unconformity.  It  is  the  task  of  the  geologist, 
by  extensive  comparison  of  rocks  in  all  countries,  to  fill  up  these  gaps, 
and  make  a  continuous  series.  The  leaves  of  the  hooh  of  Time  are 
scattered  hither  and  thither  over  the  surface  of  tlie  earth,  and  it  is  the 
duty  of  the  geologist  to  gather  and  arrange  them  according  to  their 
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paging.  This  is  done  by  comparison  of  rocks  of  different  localities, 
partly  by  their  lithological  character,  but  principally  by  the  fossils 
which  they  contain. 

2.  Lithological  Character. — At  the  present  time,  in  our  seas  and 
lakes,  deposits  are  forming  composed  of  sand,  clay,  mud,  and  lime,  of 
every  kind,  in  different  localities.  The  same  has  taken  place  in  previ- 
ous epochs.  Sandstones,  limestones,  and  slates,  not  diil'ering  greatly 
from  those  forming  at  the  present  time,  except  in  degree  of  consolida- 
tion, have  been  formed  in  every  geological  period.  Lithological  char- 
acter, therefore,  is  no  test  of  age.  In  comparing  rocks  of  widely-sepa- 
rated localities,  as,  for  example,  the  rocks  of  different  continents,  dif- 
ference of  lithological  character  is  no  evidence  of  difference  of  age,  nor 
similarity  of  lithological  character  of  any  value  in  determining  a  geo- 
logical horizon.  But,  as  deposits  are  now  being  formed  of  a  similar 
character  over  considerable  areas,  so  also  we  find  strata  (the  deposits  of 
previous  epochs),  continuous  and  unchanged  in  lithological  character, 
over  large  tracts  of  country.  Therefore,  in  contiguous  localities,  simi- 
larity of  lithological  character  becomes  a  very  valuable  means  of  iden- 
tifying strata.  Especially  is  this  true  if  we  find  similar  groujjs  of 
strata.  If,  in  two  localities  not  too  widely  separated,  we  find  a  similar 
rock,  e.  g.,  a  sandstone  of  similar  grain  and  color,  we  conclude  that 
they  probably  belong  to  the  same  age,  or  are,  in  fact,  the  same  stratum. 

3.  ComparisoE  of  Fossils. — This  is  by  far  the  best,  and  in  toidely- 
se2}qratecl  localities  the  only,  method  of  determining  the  age  of  rocks. 
The  principle  of  this  method  is  that  every  geological  epoch  has  its  own 
fauna  and  flora  with  many  characteristic  forms,  by  which  it  may  be 
identified  everywhere  in  spite  of  those  slight  differences  which  result 
from  geographical  diversity ;  and,  therefore,  similarity  of  fossils  shows 
similarity  of  age.  There  are,  however,  certain  limitations  to  the  appli- 
cation of  this  method  which  must  be  borne  in  mind  : 

(«)  The  lower  marine  species  are  much  affected  by  depths  and  bot- 
toms, and  therefore  we  should  expect  that  sandstone  fossils,  limestone 
fossils,  and  slate  fossils,  would  differ  in  species  even  in  the  same  epoch. 
Again,  in  lake  and  delta  deposits,  the  entombed  species  would  probably 
be  entirely  different  from  those  of  marine  deposits.  We  must  be  care- 
ful, therefore,  to  compai'e  fossils  of  rocks  formed  under  similar  con- 
ditions. 

(b)  We  must  also  make  due  allowance  for  geographical  diversity- 
This,  as  we  have  already  stated,  becomes  greater  and  greater  as  we 
pass  up  the  series  of  rocks.  In  the  lower  or  older  rocks  the  geographi- 
cal diversity  is  small :  in  strata  of  the  same  age  in  different  countries 
the  fossils  are  quite  similar,  most  of  the  genera  and  many  of  the  species 
being  undistinguishable.  It  is  therefore  comparatively  easy,  by  com- 
parison of  fossils,  to  synchronize  the  strata  and  determine  the  geologi- 
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cal  horizon.  In  the  middle  rocks  the  geographical  diversity  is  greater, 
but  the  general  similarity  is  still  considerable — the  difference  between 
organisms  of  consecutive  ej^ochs  (geological  faunas  and  floras)  is  still 
much  greater  than  the  difference  between  organisms  of  the  same  epoch 
in  different  countries  (geographical  faunas  and  floras) ;  and,  therefore, 
it  is  still  quite  possible,  by  comparison  of  fossils,  to  synchronize  tlie 
strata.  In  the  hujher  or  newer  rocks  tlie  geographical  diversity  has 
become  so  great  that  we  are  compelled  to  determine  age  and  synchronize 
strata,  no  longer  entirely  by  comparison  of  fossils  of  tlie  different  locali- 
ties  with  each  other,  but  also  by  the  comparison  of  the  fossils  of  each 
locality  with  the  living  species  in  the  same  locality.  In  these  rocks  we 
may  determine  relative  age  by  relative  percentage  of  living  species,  and 
similarity  of  age  (geological  horizon)  by  similarity  of  this  percentage. 
In  many  cases,  however,  the  age  may  be  determined  directly  by  means 
of  characteristic  fossils. 

Manner  of  constructing  a  Geological  Chronology.— The  manner  in 
which  a  geological  chronology  has  actually  grown  up,  under  the  com- 
bined labors  of  the  geologists  of  all  countries,  may  be  briefly  stated  as 
follows :  First,  the  order  of  stiperposition,  and  therefore  the  relative 
ages  of  the  strata  composing  the  rock-series  of  many  different  countries, 
were  determined  independently ;  next,  by  comparison  of  these,  partly 
by  lithological  character,  if  the  localities  are  contiguous,  and  partly  hy 
fossils,  the  geologist  determines  those  which  are  synchronous  and  those 
which  are  wanting  in  each  locality.  Thus,  out  of  several  local  series, 
by  intercalation,  he  constructs  a  more  complete  ideal  series.  In  case 
of  doubt,  he  strives  to  find  places  where  the  doubtful  strata  come  to- 
gether, and  observes  their  relative  position.    In  Fig.  182,  A  and  B  rep- 
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Fio.  182.— Diagram  illustrating  the  Mode  of  determining  the  Chronological  Order  of  Strata. 


resent  two  contiguous  localities  in  which  by  independent  study  the 
relative  positions  and  ages  of  8  and  9  strata  respectively  have  been  de- 
termined. By  comparison,  the  rocks  of  the  two  series  are  found  to 
consist  of  fourteen  strata  of  different  ages,  some  being  wanting  in  the 
one  and  some  in  the  other  locality. 

In  this  figure  A  and  B  represent  conformable  strata  of  contigu- 
ous localities  and  traceable  throughout.    In  0  and  D  we  represent  the 
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more  complex  case  of  dilferent  countries  and  where  unconformities 
occur.  In  D  a  series  of  8  strata  are  provisioiuilly  made  out,  altliough 
it  is  known  by  the  unconformity  between  4  and  5  that  there  are  some 
missing.  In  country  G  a  series  of  10  strata  are  first  made  out,  although 
an  unconformity  is  noted  between  7  and  8.  Now  the  comparison  be- 
gins. First  it  is  noted  that  2  in  the  C  series  is  identical  with  1  of  tlie 
D  series.  The  D  series  is  therefore  corrected  by  making  this  3  instead 
of  1,  and  all  above  are  advanced  accordingly  as  far  as  the  unconformity. 
Then  it  is  noted  that  what  had  been  called  5  in  the  D  series  corre- 
sponds to  7  of  the  C  series.  Evidently  6  is  wanting.  The  correction  is 
made  and  the  D  series  is  completed  to  10.  Lastly,  it  is  observed  that 
what  we  had  made  8  of  the  C  series  corresponds  with  10  in  the  cor- 
rected D  series,  and  that  therefore  8  and  9  are  wanting  at  C.  The 
correction  is  made  and  the  series  completed  to  12.  Thus  we  make  a 
complete  series  of  12,  supplying  number  6  from  one  locality  and  num- 
bers 8  and  9  from  the  other.  Thus  as  the  examination  of  the  earth's 
surface  progresses,  with  every  new  country  examined  some  gaps  are 
filled  up,  and  the  series  becomes  more  perfect.  Many  gaps  still  remain 
unfilled.  The  series  will  continue  to  be  made  more  perfect,  and  the 
chronology  more  complete,  until  the  geological  examination  of  the 
earth-surface  is  finished.  As  knowledge  becomes  more  complete  the 
process  becomes  easier  and  more  rapid.  Characteristic  forms  often  de- 
cide the  question  at  once  and  elaborate  comparison  is  resorted  to  only 
in  case  of  doubt. 

The  second  object  to  be  attained  by  classification  is  the  division  and 
subdivision  of  the  whole  series  into  larger  and  smaller  groups,  corre- 
sponding to  the  eras,  periods,  and  epochs  of  time.  The  principle  on 
which  this  is  done  is  as  follows  : 

As  we  have  already  stated,  the  gaps  in  the  series  are  usually  indi- 
cated by  unconformity.  Now,  since  unconformity  always  indicates 
movements  of  the  crust,  changes  of  the  outlines  of  sea  and  land, 
changes  of  climate,  and  consequent  changes  in  the  fauna  and  flora, 
these  gaps  mark  the  times  of  great  revolutions  in  the  earth's  history, 
and  are  therefore  the  natural  boundaries  of  the  eras,  periods,  etc.  The 
whole  rock-series,  therefore,  is  divided,  by  means  of  unconformity  and 
the  character  of  the  fossils,  into  larger  groups  called  systems,  and  these 
again  into  smaller  groups  called  series  and  formations.  The  largest 
groups  are  founded  upon  universal,  or  almost  universal,  unconformity, 
and  a  consequent  very  great  difference  in  character  of  organisms;  the 
smaller  groups  are  founded  upon  a  less  general  unconformity  and  less 
difference  in  character  of  the  organisms.  Corresponding  with  the  great 
divisions  and  subdivisions  of  the  rock-system  arc  the  eras,  ages,  periods, 
and  epochs  of  the  history.  The  several  terms  expressing  the  divisions 
and  subdivisions,  both  of  the  rocks  and  of  tlie  history,  are  unfortu- 


CLASSIFICATION  OF  STRATIFIED  ROCKS. 


209 


nately  used  in  a  loose  manner.  We  will  try  to  use  them  in  the  manner 
indicated.  It  will  be  observed  that  the  divisions  are  founded  upon  (a) 
unconformity,  and  (b)  change  in  fossils.  These  generally  accompany 
each  other,  since  they  are  produced  by  the  same  cause,  viz.,  change  of 
physical  geography.  In  some  localities,  however,  they  may  be  in  dis- 
cordance. In  this  case,  the  change  of  fossils  is  considered  the  more 
important,  and  controls  classification. 

The  following  is  an  outline  of  the  classification  used  in  this  work. 
Except  in  the  upperaiost  part  it  is  carried  only  as  far  as  periods : 


Eras. 

Ages. 

Periods. 

Epochs. 

5.  Psychozoic. 

7.  Age  of  Man. 

Hnman,  24 

Recent. 

4.  Cenozoic. 

6.  The  Age  of  Mam- 
mals. 

■  Quaternary,  23 

- 

_  Tertiary,  22 

(  Terrace. 
<  Cham  plain. 
(  Glacial. 
(  Pliocene. 
-<  Miocene. 
(  Eocene. 

3.  Mesozoic. 

5.  The  Age  of  Eep- 
tiles. 

(  Cretaceous,  21 
•<  Jurassic,  20 
{  Iriassic,  19 

r 

Upper.  ^ 

2.  Palaaozoic. 
Lower. 

Carboniferous.  f 
4.  The  Age  of  Aero-  J 
gens  and  Am- ] 
phibians.  [ 

( Permian,  18 
•<  Carboniferous,  17 
(  Sub-carboniferous,  16 

Devonian. 
3.  The  Age  of  Fishes. 

'  Chemung,  14 
Hamilton,  13 
Corniferous,  12 
Oriskany,  11 

Silurian, 

2.  The  Age  of  Inverte- 
brates. 

Cambrian. 

'Helderberg,  10 
Salina,  9 
-  Niagara,  8 
Trenton,  7 
^  Canadian,  6 
'  Dikelocephalus 
J     zone,  5 
Paradoxides  zone,  4 
Olenellus  zone,  3 

1.  Archasan,  or 
Archteozoic. 

1.  Archasan. 

j  Huronian,  2 
(  Laurentian,  1 

15 
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CHAPTER  III. 

UNSTRATIFIED  OR  IGNEOUS  ROCKS. 

Characteristics. — The  unstratified  are  distinguished  from  the  strati- 
fied rocks,  «,  by  the  absence  of  true  stratification — i.  e.,  lamination  of 
sorted  materials ;  h,  by  absence  of  fossils ;  c,  by  a  more  or  less  crystal- 
liue  or  else  a  glassy  structure  ;  and,  d.,  by  their  mode  of  occurrence  ex- 
plained below. 

General  Origin. — They  have  consolidated  from  a  fused  or  semi-fused 
condition,  and  are,  therefore,  called  igneous  rocks.  This  origin  is 
shown  by  their  structure ;  by  their  occurrence  in  dikes  and  tortuous 
veins ;  by  their  eifects  on  stratified  rocks  with  which  they  come  in 
contact;  and  by  their  resemblance  in  many  cases  to  modern  lavas. 
The  question  of  their  probable  mode  of  origin  will  be  more  specifically 
treated  after  the  description  of  their  kinds. 

Mode  of  Occurrence. — Igneous  rocks  occur,  a,  underlying  the  strata, 
and  forming  the  great  mass  of  the  earth's  interior ;  «.',  forming  the 


Pig.  183. — Diagram  showing  Mode  of  Occurrence  of  Igneous  Rocks. 


axes  and  peaks  of  nearly  all  great  mountain-ranges;  IV,  in  vertical  or 
nearly  vertical  sheets,  filling  great  fissures  in  stratified  or  in  other 
igneous  rocks;  c,  in  extensive  horizontal  sheets  overlying  the  stratified 
country  rock,  as  if  outpoured  on  the  surface ;  c',  lying  conformably 
between  strata,  as  if  forced  in  a  melted  condition  between  them,  or  else 
outpoured  on  the  bed  of  the  sea  and  afterward  covered  with  sediment; 
and,  d,  in  tortuous  veins  connected  with  the  great  underlying  masses. 
All  these  positions  are  illustrated  in  Fig.  183.  In  all  these  modes  of 
occurrence  the  observed  rock  is  connected  with  an  underlying  mass,  of 
which  it  is  but  an  extension. 

Extent  on  the  Surface.— Tlie  appearance  of  these  rocks  on  the  sur- 
face is  far  less  extensive  than  that  of  the  stratified  rocks.  Certainly 
not  more  than  one  tenth  of  the  land-surface  is  composed  of  them. 
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Rut,  beneath,  they  are  supposed  to  constitute  the  great  mass  of  the 
earth. 

Classification  of  Igneous  Rocks.— Igneous  rocks  are  best  classified, 
not  by  means  of  their  relative  ages,  but  pai'tly  by  their  miueralogical 
character  and  partly  by  their  mode  of  occurrence.  By  this  method 
they  most  naturally  fall  into  two  primary  groups — viz.,  the  Plutonic 
or  massive,  and  the  volcanic,  or  true  eruptive  rocks.  The  rocks  of  the 
first  group  occur  in  great  masses;  those  of  the  second  group  injected 
into  fissures  or  outpoured  on  the  surface.  The  former  are  entirely 
crystalline  (holo-crystalline),  and  usually  very  coarse-grained  (macro- 
crystalline) ;  the  latter  are  usually _^Vier  grained  (micro-crystalline),  or 
imperfecili/  crystalline  (ci'vpto-crystalline),  or  partly  or  even  wholly 
glassy.  The  former  seem  to  have  solidified  m  sitit  (indigenous) ;  the 
latter  have  been  evidently  displaced  from  their  original  position 
(exotic).  The  two  groups,  however,  pass  by  insensible  gradations  into 
each  otlier,  so  that  the  distinction  is  more  or  less  artificial,  and  the 
same  rock  may  sometimes  be  found  in  both  groups. 

I. — Plutonic  or  Massive  Rocks. 

General  Appearance. — The  rocks  of  this  group  are  chai-acterized  by 
a  coarse-grained,  mottled,  or  speckled  appearance,  arising  from  the 
fact  that  they  are  composed  of  an  aggregation  of  distinct  crystals  of 
ditferejat  colors  and  of  considerable  size  (macro-crystalline) ;  and,  what 
is  much  more  important,  the  rock  is  usually  loholly  made  vp  of  an  ag- 
gregation of  such  crystals,  without  any  jDaste  or  ground-mass,  either 
amorphous  or  glassy,  between  them. 

TJie  constituent  minerals  of  this  group  are  mainly  quartz,  feldspar, 
mica,  and  hornblende.  In  the  speckled  mass  the  opaque,  white,  or 
reddish  or  greenish  crystals  with  glistening  surface  are  feldspar,  the 
transparent  bluish  glassy  spots  are  quartz,  and  the  black  specks  ai"e 
usually  hornblende.  The  mica  can  be  easily  detected  as  glistening 
scales  of  various  shades. 

Principal  Kinds — Gran- 
ite.— This  rock,  which  may 
be  regarded  as  the  typo 
of  the  group,  consists  of 
quartz,  feldspar,  and  mica, 
or  else  of  these,  together 
with  hornblende.  Some- 
times the  mica  and  horn- 
blende are  wanting,  and 
the  quartz  exists  in  the  form  of  bent  plates  imbedded  in  feldspar,  so 
that  on  cross  -  section  they  look  like  Hebrew  or  Arabic  cliaracters 
(Fig.  184,  A  and  B).    The  rock  is  then  called  graphic  granite,  ox  peg - 


Fio.  184.— Graphic  Granite:  A.  cross-section;  B,  longitU' 
dinnl  section. 
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matite.  Sometimes  the  feldspar  is  in  large,  well-formed  crystals  in  a 
finer  but  still  crystalline  ground-mass :  then  it  is  called  7;orj97i^n7tc 
(jranite,  Sometimes  all  the  crystals  are  small,  and  the  mass  is  evenly 
granular ;  then  it  is  called  euriie,  or  granulite. 

Syenite. — Englisli  and  many  American  writers  use  this  term  to 
designate  a  granitic  rock  in  which  mica  is  replaced  by  hornblende ; 
and,  when  both  hornblende  and  mica  are  present,  they  use  the  term 
syenitic  granite.  But  on  the  Continent  of  Europe  the  term  syenite  is 
applied  to  a  rock  consisting  essentially  of  feldspar  and  hornblende, 
and  when,  in  condition,  quartz  is  present  (English  syenite),  they  call 
the  rock  qtcartz-syenite.  The  general  aspect  of  the  rock  is  similar  to 
granite. 

In  the  rocks  thus  far  mentioned  the  feldspar  is  an  orthic,  or  pot- 
ash-feldspar  {orthoclase) — i.  e.,  is  a  double  silicate  of  alumina  and 
potash. 

Diorite. — This  is  a  dark,  speckled,  greenish-gray  rock,  consisting  of 
a  crystalline  aggregate  of  clinic  or  soda-lime  feldsjjar  (plagioclase), 
and  hornblende ;  and,  therefore,  differs  from  syenite  of  German 
writers  only  in  the  form  of  the  feldspar — viz.,  plagioclase  instead  of 
orthoclase.    When  quartz  is  present  it  is  called  quartz-diorite. 

Diabase. — This  is  a  dark,  greenish  crystalline  rock,  usually  fine- 
grained, but  sometimes  granitoid,  somewhat  similar  in  appearance  to 
diorite,  but  differing  in  the  fact  that  augite  replaces  hornblende.  It 
also  often  contains  olivin.  Oabbro  is  a  granitoid  variety  of  diabase,  in 
which  the  augite  takes  the  form  of  diallage. 

We  have  selected  these  as  good  types  of  the  groups;  but  they 
merge  insensibly  into  each  other,  giving  rise  to  many  varieties,  for  the 
description  of  which  we  must  refer  the  reader  to  special  treatises  on 
lithology. 

Diorite  and  diabase  are  so  frequently  intrusive  and  fine-grained 
that  they  are  often  treated  in  an  intermediate  or  even  in  the  second 
group ;  but  they  also  often  occur  massive. 

Two  Sub-Groups — Acidic  and  Basic. — Quartz  is  pure  silicic  acid. 
Feldspar  is  a  silicate  of  alumina  and  alkali,  with  excess  of  silica — i.  e., 
an  acid  silicate  of  these  bases.  In  ortlioclase  the  alkali  is  potash ;  in 
plagioclase,  soda  and  lime.  Moreover,  the  former  is  more  acid  than 
the  latter.  Hornblende  and  augite  are  basic  silicates  of  somewhat 
similar  composition.  Augite  is  essentially  a  silicate  of  magnesia  and 
iron;  while,  in  hornblende,  alumina  and  lime  replace  a  portion  of  the 
magnesia.  Remembering,  futher,  that  quartz  and  feldspar  are  light- 
colored  minerals,  with  specific  gravity  of  about  2'6,  while  augite  and 
hornblende  are  usually  black  minerals,  with  specific  gravity  of  3  to  3-5, 
it  is  plain  that  this  group  of  rocks  may  be  divided  into  two  sub-groups, 
acidic  and  basic,  often  recognizable  to  the  eye.    In  the  one  there  is  a 
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predominance  of  quartz  and  feldspar,  in  the  otlier  of  hornblende  or 
aiigite.  Also,  in  the  one  the  feldspar  is  orthoclase,  in  the  other 
plagioclase.  The  one  is  light  colored,  of  less  specific  gravity,  and 
more  difficultly  fusible ;  the  other  darker  colored,  heavier,  and  more 
easily  fusible.  Granite  is  the  best  type  of  the  one ;  diorite,  and 
especially  diabase  or  gabbro,  of  the  other.  Syenite  is  intermediate. 
The  percentage  of  silica,  both  free  and  combined,  in  granite  is  62  to 
81,  and  the  specific  gravity  2-6  to  2-7.  The  silica  percentage  in  dia- 
base is  45  to  5G,  and  the  specific  gravity  2'7  to  2-9  (Von  Cotta). 

Mode  of  Occurrence. — True  Plutonics,  especially  of  the  granitic 
type,  such  as  granite  and  syenite,  occur :  1.  In  large  masses,  forming 
the  axes  of  great  mountain- 
ranges,  such  as  the  Sierra  and 
Colorado  ranges  (Fig.  185, 
or,  2.  In  rounded  masses,  ap- 
pearing in  the  midst  of  strati- 
fied rocks  like  islands  in  the 
midst  of  the  sea  (Fig.  185,  B) ; 
or,  3.  Sometimes  in  tortuous, 
irregularly  branching  veins, 
extending  only  a  little  way 
from  the  great  masses  into  the  overlying  stratified  rocks,  as  if  forced 
by  pressure  of  superincumbent  weight  into  small  cracks  of  the  latter 
(Fig.  183,  (?,  Fig.  185,  A,  and  Fig.  186,  A  and  B).  But  rocks  of  more 
basic  type,  such  as  diorite  and  diabase,  probably  on  account  of  greater 
fusibility,  occur  not  only  as  Plutonics  in  massive  form,  but  also  as 
intrusives  in  dikes  and  intercalary  beds,  like  true  volcanics. 


Fiu.  185.— Diagram  Illustrating  Mode  of  Occurrence  of 
Granite. 


A 


Fio.  186.— Granite  Veins. 


The  rocks  of  the  Plutonic  group  are  never  found  in  connection 
with  scoriae,  glass,  ashes,  or  other  evidences  of  rapid  cooling  in  contact 
with  air.    They  have  never  been  erupted  on  the  surface.    They  xvere 
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cooled,  and  have  solidified  slowly  under  pressure  in  great  masses  and 
at  great  depths.  Hence,  when  we  find  tliem  at  the  surface,  they  have 
been  exposed  by  extensive  erosion.  They  are  either  fused  masses  solidi- 
fied without  eruption  {a),  or  they  are  the  solidified  reservoirs  {g.  Fig. 
183)  from  which  eruptions  have  come.  In  either  case,  they  have  them- 
selves been  cooled  at  great  depths. 

Intermediate  Series. 

Between  the  undoubted  Plutonics,  already  described,  and  the  un- 
doubted volcanics,  to  be  taken  up  hereafter,  there  is  an  intermediate 
series  of  rocks,  which  are  sometimes  placed  in  one  group,  sometimes  in 
the  other,  and  sometimes  in  a  separate  group,  co-ordinate  with  the  other 
two,  and  called  trappean  or  intrusive  rocks.  They  occur  mostly  in  the 
older  and  middle  rocks  in  the  form  of  dikes,  filling  great  fissures  inter- 
secting, or  as  intercalary  beds  between,  the  strata.  If  Plutonics  are 
in  great  masses  beneath  the  strata,  and  volcanics  are  outpoured  masses 
upon  the  strata,  these  exist  mostly  as  masses  .  intruded  among  the 
strata.  Again,  if  Plutonics  are  the  great  reservoirs  and  volcanics  the 
outpoured  liquid,  the  intrusives  are  the  fillings  of  the  conduits  between. 
Erosion  has  subsequently  carried  away  the  overflowed  portions,  and 
exposed  the  conduits  as  dikes. 

Kinds. — In  the  acidic  groups,  perhaps  the  most  typical  is  felsitc. 
This  rock  is  a  very  compact,  fine-grained  aggregate  of  quartz  and 
orthoclase,  and  therefore  light-colored.  Chemically  it  has  the  same 
composition  as  granite,  and  mineralogically  it  differs  only  in  the  fine- 
ness of  texture  and  in  the  absence  of  mica.  When  the  felsitic  rock 
contains,  imbedded  in  the  fine-grained  mass,  large,  well-formed  crystals 
of  feldspar,  then  it  is  called  porphyrife.  If  quartz-crystals  are  also 
distinctly  visible,  then  it  is  called  quartz-porphyry,  or  elvanite,  a 
mottled  rock  often  mistaken  for  granite.  The  word  porphyritic  is 
often  applied  to  any  rock  in  which  distinct  crystals  are  visible  in  a 
finer  ground-mass.  Thus,  we  have  porphyritic  granite,  porphyritic 
(Horite,  etc.  The  porphyritic  structure  is  probably  formed  thus:  The 
fused  magma  first  cooled  slowly  until  the  large  crystals  separated ;  and 
then  was  injected  into  the  fissure  and  the  solidification  completed. 

Intrusive  rocks  of  the  basic  sub-group  are  usually  called  green- 
stones or  traps.  This  term,  therefore,  includes  intrusive  diorites,  dia- 
bases, aphanites,  melaphyrs,  etc.  These  differ  from  the  massive  rocks 
of  the  same  composition  only  by  being  finer  grained  :  but  the  same  is 
true  also  of  felsites  as  compared  with  granites.  The  difference  is  prob- 
ably wholly  due  to  rate  of  cooling.  The  same  fused  mass  which,  if 
cooled  slowly,  forms  granite,  if  injected  into  fissures  and  cooled  more 
rapidly,  would  form  felsite  or  quartz-porphyrite.  The  difference  be- 
tween massive  and  intrusive  diorites  is  doubtless  due  to  the  same  cause. 
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II.— Volcanic  or  Eruptive  Rocks. 

Texture  and  Appearance.— Tlic  rocks  of  this  group  are  usually 
micro-crystalline,  or  even  crypto-crystalline,  and  therefore  in  appear- 
ance are  either  minutely  speckled  or  evenly  grayish,  of  various  shades. 
But  the  most  important  characteristic  is,  that  they  are  not  wholly  crys- 
talline, but  consist  either  of  crystals  imbedded  in  an  amorphous  or 
glassy  paste,  or  else  are  wholly  amorphous  or  glassy.  This  texture  shows 
that,  as  compared  with  the  rocks  of  the  other  groups,  they  have  cooled 
quickly,  for,  on  account  of  the  extreme  viscosity  of  fused  silicates  (glass), 
complete  crystallization  can  take  place  only  by  very  slow  cooling. 

Physical  Conditions. — All  the  physical  conditions  already  described 
(p.  93)  as  characteristic  of  recent  lavas,  viz.,  the  stony,  the  glassy,  the 
scoriaceous,  and  the  tufaceous  conditions,  are  found  abundantly  in  the 
more  typical  representations  of  this  group. 

Mineral  Composition  and  Sub-Groups. — The  most  striking  differences 
between  the  rocks  of  this  and  the  other  groups  are  found  in  their  text- 
ure and  mode  of  occurrence.  Mineral ogically  the  rocks  of  this  group 
consist  essentially  of  some  form  of  feldspar,  with  hornblende  or  augite. 
Free  quartz  and  mica,  though  sometimes  present,  especially  the  former, 
are  neither  necessary  nor  common.  These  also,  like  those  of  the  other 
group,  may  be  divided  into  two  sub-groups,  acidic  and  hasic.  In  the 
one  there  is  a  predominance  of  orthic  feldspar  (sanidin) ;  in  the  other, 
of  either  hornblende  or  augite  and  clinic  feldspar  (plagioclase).  In 
true  volcanics,  as  seen  above,  sanidin  takes  the  place  of  orthoclase  of 
the  Plutonics.  These,  however,  belong  to  the  same  group  (orthoclase 
group),  are  equally  acidic,  and  therefore  have  the  same  significance  in 
lithology.  The  two  sub-groups  are,  therefore,  characterized  by  color, 
specific  gravity,  and  fusibility,  as  already  explained  (p.  212),  and,  with 
some  practice,  can  usually  be  distinguished  in  the  field;  though  in 
many  cases  microscopic  or  chemical  examination  is  necessary.  The 
silica  percentage  of  the  extreme  acidic  type  (rhyolite)  is  70  to  82,  and 
specific  gravity  2-3 


to  2-6 ;  of  the  ex- 
treme basic  (basalt) 
the  silica  percent- 
age is  40  to  56,  and 
specific  gravity  2-9 
to  3-1.  The  follow- 
ing schedule  gives 
the  most  common 
and  characteristic 
kinds  under  the  two 
sub-groups : 


VOLCANIC  ROCKS. 

ACIDIC. 

BASIC. 

r  Rhyolite. 
Stony     J  Liparite. 
condition.   ]  Tiacliyte. 

Plionolitc. 

r'l^,,^       (  Liffht-colored  scorijE. 

-\  Pumice, 
condition.   )  ... 

(  Obsidian. 

Basalt. 

Uolerite. 

Andesite. 

Black  scoriiE. 
Tachylite. 
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Principal  Kinds. — In  the  acidic  group  the  commonest  and  best  type 
is  trachyte.  This  is  usually  a  light-colored  rock,  with  a  peculiar  and 
very  characteristic  rough  feel,  due  to  microscopic  vesicularity.  It  con- 
sists essentially  of  a  ground-mass  of  orthic  feldspar  (sanidin)  and  augite, 
containing  crystals  of  the  former. 

Rhyolite  is  similar  in  composition  to  trachyte,  but  contains  a  larger 
percentage  of  silica,  and  is  very  different  in  general  appearance.  It 
consists  of  a  fluent,  vitreous  ground-mass  or  paste,  usually  containing 
crystals  of  sanidin,  or  even  of  quartz.  When  these  crystals  are  con- 
spicuous, so  that  the  rock  has  a  porphyritic  appearance,  it  is  called 
liparite.  In  some  cases  it  may  have  even  a  granitoid  appearance,  and 
is  then  called  nevadite.  Such  granitoid  rhyolite  may  be  easily  distin- 
guished from  true  granite  by  the  presence  of  the  glassy  paste. 

Phonolite  is  a  light-grayish  crypto-crystalline  feldspathic  rock, 
breaking  or  jointing  in  very  characteristic  thin  tile-like  slabs,  which 
ring  under  the  hammer  (hence  the  name).  It  consists  mainly  of  orthic 
feldspar  (sanidin  and  nephelin). 

In  the  hasic  suh-group  the  most  common  and  typical  is  basalt. 
This  'is  a  very  dark,  almost  black,  crypto-crystalline  rock,  breaking 
with  a  dull,  conchoidal  fracture,  and  consisting  essentially  of  micro- 
scopic crystals  of  plagioclase,  augite,  and  olivin,  in  a  glassy  ground-mass 
of  the  same.  Magnetite  is  also  usually  an  abundant  constituent.  Dol- 
erite  has  a  somewhat  similar  composition,  but  lacks  the  olivin,  and  is 
more  crystalline  in  structure,  and  therefore  dark-grayish  in  appearance. 
Andesite  is  a  dark-grayish  rock,  consisting  essentially  of  plagioclase, 
with  hornblende  or  augite.  It  is  somewhat  similar  in  color  to 
dolerite,  but  is  crypto-crystalline,  like  basalt,  and  often  roughish  to 
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the  feel,  like  trachyte.  It  has,  therefore,  been  sometimes  called  trachy- 
dolerite. 

All  the  rocks  of  both  these  sub-groups,  but  especially  the  more 
typical,  have  their  scoriaceous  and  glassy  varieties.  These  are  the 
pumices  and  light-colored  scoriae  aud  obsidians  on  the  one  hand,  and 
the  black  scoriie  and  tachylite  on  the  other. 

The  table  on  preceding  page  is  a  condensed  statement  of  the  com- 
position of  the  principal  kinds  in  both  primary  groups,  including  also 
intrusives.    The  sign  x  x  indicates  crystals. 

Modes  of  Eruption. — There  have  been  in  geological  times  two  gen- 
eral modes  of  eruption.  In  the  one  the  lavas  have  come  up  through 
great  -fissures  formed  by  crust-movements  and  spread  out  as  extensive 
sheets  ;  in  the  other  they  have  come  up  through  chimneys  and  run  off 
as  streams.  The  one  may  be  called  fissure-eruption,  the  other  crater- 
eruption  or  volcanoes  proper.  The  one  gives  rise  to  extensive  lava- 
fields,  the  other  to  lava-cones.  The  force  of  eruption  in  the  one  case 
is  probably  either  the  same  as  that  which  makes  mountains — i.  e.,  the 
lava  is  squeezed  out  by  interior  contraction  of  the  earth,  or  else  in 
some  cases  it  may  be  hydrostatic — i.  e.,  a  welling  out  of  a  lighter  liquid 
by  the  sinking  of  a  heavier  crust  within  it ;  the  force,  in  the  other  case, 
is  evidently  the  pressure  of  elastic  gases,  especially  steam,  as  already 
explained  (p.  97).  We  owe  this  distinction  mainly  to  Richthofen,  but 
it  is  now  universally  adopted  in  this  country  and  quite  generally  in 
Europe.  According  to  Richthofen,  primary  eruptions  come  always 
through  great  fissures  and  only  at  great  intervals  of  time ;  afterward, 
surface-waters  percolating  through  these  fissure-erupted  masses,  still 
liquid  within,  give  rise  to  secondary  eruptions  through,  craters.  We 
have  no  examples  of  fissure-eruptions  taking  place  at  the  present  time, 
and  therefore,  in  treating  of  igneous  agencies  in  Part  I,  we  spoke  only 
of  crater-eruptions.  But  it  is  impossible  to  explain  the  mode  of  occur- 
rence of  eruptives  in  the  older  rocks  unless  we  admit  eruptions  in  early 
geological  times  of  a  different  kind  from  those  occurring  now  in  vol- 
canoes. 

Modes  of  Occurrence. — What  we  say  under  this  head  refers  mainly 
to  fissure-eruptions.  True  eruptive  rocks  occur  :  1.  As  extensive  verti- 
cal sheets  filling  great  fissures  which  by  subsequent  erosion  outcrop  as 
great  dikes,  or  else  filling  smaller  radiating  volcanic  fissures  as  radi- 
ating volcanic  dikes;  2.  As  sheets  between  the  strata  (intercalary 
beds)  as  if  forced  between  the  separated  strata,  or  else  outpoured  on 
the  bed  of  sea  or  lake,  and  again  covered  with  sediments;  3.  Out- 
poured on  the  land-surface  as  sheets  or  streams;  4.  In  the  form  of 
great  dome-like  masses  on  the  surface  or  between  the  strata ;  and,  5. 
In  the  form  of  volcanic  necks  or  plugs  standing  above  the  general  level 
of  the  country. 
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Fig.  187.— Dikes. 


Dikes. — The  fiUings-of  great  fissures  outcropping  on  land-surfaces 
are  called  dikes.  Tliey  are  very  abundant  in  all  the  older  stratified 
rocks,  especially  in  mountain-regions.  They  vary  in  thickness  from  a 
few  inches  to  fifty  or  one  hundred  feet;  they  may  be  traced  over  the 
country  sometimes  for  many  miles,  even  fifty  or  one  hundred,  and 
extend  downward  to  great  but  unknown  depths.  Such  dikes,  outcrop- 
ping over  the  face  of  the  country,  may  be  the  exposed  roots  of  ancient 
overflows  which  have  been  removed  by  subsequent  erosion  (Fig.  183, 
b) ;  or  they  may  be  fillings  of  fissures  which  never  reached  the  sur- 
face (Fig.  183,  b').    In  either  case  they  are  the  evidence  of  extensive 

erosion.  Sometimes  the  outcrop- 
ping dike  has  resisted  erosion 
more  than  the  inclosing  country 
rock,  and  the  dike  is  left  stand- 
ing like  a  low,  ruined  wall  run- 
ning over  the  face  of  the  country 
(Fig.  187,  a) ;  at  other  times  the 
counti-y  rock  has  resisted  more 
than  the  dike,  and  the  place  of  the  dike  is  marked  by  a  slight  depres- 
sion, like  a  shallow  ditch,  or  moat  (Fig.  187,  b). 

Effect  of  Dikes  on  the  Intersected  Strata.— The  strata  forming  the 
bounding  walls  of  a  dike,  or  with  which  igneous  rocks  come  in  contact 
in  any  way,  are  almost  always  greatly  changed  by  the  intense  heat  of 
the  fused  matter.  Limestones  and  chalk  are  changed,  into  crystalline 
marble ;  clay  is  baked  into  porcelain- jasper,  or  even  changed  into 
schists;  impure  sandstones  are  changed  into  a  speckled  rock  resem- 
bling gneiss;  seams  of  bituminous  coal  are  changed  into  anthracite, 
or  sometimes  into  coke.  In  all  cases  the  original  stratification  and  the 
contained  fossils  are  more  or  less  completely  destroyed.  These  effects  ex- 
tend sometimes  only  a  few  feet,  sometimes  many  yards,  from  the  dike. 

Lava-Sheets. — Dikes  outcropping  on  the  face  of  tlie  country,  as 
already  described,  are  doubtless  in  many  cases  the  exposed  roots  of 
ancient  overflows  whicli  have  been  removed,  by  subsequent  erosion, 
leaving  only  the  intruded  portion.  But  in  more  recent  eruptions  the 
overflow  or  erupted  portions  still  remain.  The  fused  matter  has  evi- 
dently come  up  through  fissures  and  spread  out  as  sheets,  and  often 
sheet  after  sheet  has  been  successively  outpoured  forming  layer  upon 
layer  (Fig.  188),  until  the  whole  surface  of  the  country  is  deeply  buried 
beneath  the  flood.  The  extent  and  thickness  of  tlie  lava-fields  tlius 
formed  are  almost  incredible.  The  great  lava-flood  of  the  Northwest 
covers  Northern  California,  Northwestern  Nevada,  tlie  greater  part  of 
Oregon,  Washington,  and  Idaho,  and  extends  far  into  British  Columbia 
and  Montana.  Its  extent  is  not  less  than  150,000  square  miles,  and  its 
extreme  tliickness  where  cut  through  by  the  Columbia  River  is  3,000  to 
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Fio.  188.— Lava-Sheets. 


4,000  feet.  lu  another  place  seventy  miles  distant  the  Deschutes 
Eiver  cuts  into  the  same  lava-field,  making  a  caflon  140  miles  long  and 
1,000  to  2,500  feet  deep,  and 
has  not  yet  reached  bottom.  At 
least  thirty  successive  layers  may 
be  counted,  one  above  the  other, 
on  the  sides  of  this  cafion. 
About  a  dozen  volcanoes  over- 
dot  this  great  surface.  It  is 
simply  inconceivable  that  all 
this  material  came  from  these 
volcanoes.     It  evidently  came 

up  through  great  fissures  in  the  Cascade,  Blue  Mountains,  and  Coast 
Range,  and  poured  out  on  the  surface,  flooding  the  whole  intervening 
country.*  The  Deccan  lava-field,  described  by  the  Indian  geologist,! 
is  200,000  square  miles  in  extent,  2,000  to  6,000  feet  thick,  and  entirely 
without  detectable  volcanic  cones  from  which  the  lava  could  have  come. 
These  extensive  fields  are  mostly  of  basalt.  In  Utah  and  Colorado, 
according  to  King  and  Endlich,J:  rhyolitic  and  trachytic  lavas  reach  a 
thickness  of  7,000  feet.  As  a  general  rule,  outpourings  of  basalt  reach 
the  greatest  extent,  but  each  sheet  is  thin,  as  if  the  basalt  had  been 
siiperfused  ;  while  acidic  lavas  like  trachyte  and  rhyolite  are  outpoured 
in  very  thick,  sometimes  dome-like  masses,  as  if  they  had  been  only 
semifused. 

In  basaltic  lava-fields  a  remarkable  step-like  or  terrace-like  appear- 
ance is  observable.  The  country  seems  to  rise  in  successive  tables  or 
benches.  From  this  has  arisen  the  term  trap,  from  the  Swedish  word 
trappa,  a  stair.  This  configuration  is  due  to  the  abrupt  terminations 
of  the  successive  flows  (Fig.  188). 

Intercalary  Beds  and  Laccolites, — Holmes,  in  Hayden's  Report  for 
1875,*  describes  Mount  Hesperus,  Colorado,  as  wholly  composed  of 
stratified  rocks  (cretaceous),  with  intercalated  beds  of  eruptives,  as  if 
the  lava  had  forced  itself  between  the  strata.  Such  intercalary  sheets, 
or  sills,  which  have  been  often  observed  by  others,  probably  pass  by  in- 
sensible gradations  into  laccolites — a  new  form  of  occurrence  to  which 
attention  was  first  drawn  by  Holmes,  but  which  has  been  elaborately 
described  by  Gilbert  ||  as  characteristic  of  the  Henry  Mountains,  and 


*  American  Journal  of  Science,  vol.  vii,  pp.  107,  259. 

■f  American  Journal  of  Science,  vol.  xix,  p.  140,  1880.  Manual  of  Indian  Geolosry, 
p.  300  et  seq. 

X  King,  Ocology  of  the  Fortieth  Parallel,  vol.  i,  p.  632.  Endlich,  Haydca's  Report 
for  1876,  p.  112. 

*  Ilayden'a  Report  for  1875,  p.  271. 

II  Gilbert,  Geology  of  the  Henry  Mountains. 
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other  groups  in  the  Plateau  region.  In  this  case  the  liquid  matter 
seems  to  have  come  up  through  fissures  as  usual,  but,  instead  of  break- 
ing through  to  the  surface, 
has  lifted  the  upper  strata 
and  accumulated  beneath 
in  great  dome-like  masses 
which,  in  fact,  constitute 
the  bulk  of  the  mountains 
(Fig.  189).  The  strata- 
covered  dome  thus  formed 
is  afterward  eroded,  and 

.Fia.  189.-Laccolite  (after  Gilbert).  igneOUS  COre  Or  laCCO- 

lite  is  exposed. 

According  to  Gilbert,  whether  lava  accumulates  between  the  strata 
or  outpours  on  the  surface  is  merely  a  question  of  relative  specific 
gravity.  If  the  lava  is  lighter  than  the  strata,  then  the  latter  will  sink 
and  the  lava  be  outpoured.  If,  on  the  other  hand,  the  surface  strata 
be  lighter  than  the  lava,  then  the  lava  floats  it  up  and  accumulates  be- 
neath. It  seems  more  probable,  however,  that  it  is  rather  a  question 
of  liqiddity  than  of  specific  gravity.  If  the  liquidity  is  perfect  as  in 
basalts,  then  it  comes  to  the  surface  and  outpours,  and  may  extend  to 
very  great  distances ;  but  if,  on  the  contrary,  the  lava  is  only  a  stiffly 
viscous,  semi-fused  mass,  like  trachyte  and  rhyolite,  it  may  lift  up  the 
strata  on  its  back  in  a  dome.  The  quantity  of  lava  accumulated  is 
sometimes  enormous.  The  Hiller  laccolite,  Henry  Mountains,  is  equiv- 
alent to  ten  cubic  miles. 


Fig.  190.— Ideal  Cross-section  of  La  Plata  Mountain  (after  Cross).  The  irregular  line,  a,  o,  is 

present  surface. 


The  passage  from  intercalary  beds  to  laccolites  is  well  shown  in 
Fig.  190,  taken  from  Cross. 

Volcanic  Necks.— In  the  general  erosion  of  a  country  the  plugs 
which  filled  the  interior  of  ancient  volcanoes  are  often  left,  as  more 
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resistant  remnants,  standing  above  the  general  level  of  the  country. 
These  are  called  volcanic  necks.  Some  examples  are  mentioned  on 
p.  Q'io.  On  account  of  the  former  frequent  and  long-continued  fusion 
of  tliese  masses  during  repeated  eruptions,  their  metamorphic  effect  on 
surrounding  stratified  rocks  is  far  more  profound  and  extensive  than 
in  the  case  of  dikes. 

j^ge — how  determined. — When  two  dikes  intersect  each  other,  then, 
of  course,  the  intersecting  must  be  younger  than  the  intersected  dike. 
In  this  manner  the  relative  age  of  dikes  intersecting  the  same  region 
may  often  bo  determined.  The  absolute  age  of  igneous  rocks  can  only 
be  determined  by  means  of  the  strata  with  which  they  are  associated. 
If  a  dike  is  found  intersecting  strata  of  known  age  {b,  Fig.  183),  tlie 
dike  must  be  younger  than  the  strata.  If  a  dike  (&'),  intersecting 
strata  and  outcropping  on  the  surface,  is  found  overlaid  by  other  strata 
through  which  it  does  not  break,  then  the  igneous  injection  is  younger 
than  the  former  and  older  than  the  latter.  The  series  of  events  indi- 
cated is  briefly  as  follows :  first,  the  older  series  of  sediments  has  been 
formed ;  then  fissures  formed  and  filled  by  igneous  injection ;  then 
erosion  has  carried  away  the  upper  portion  of  the  strata  and  its  in- 
cluded dike,  so  that  the  dike  outcrops  along  the  eroded  .surface ;  and, 
lastly,  the  whole  has  been  submerged  and  again  covered  with  sediment. 

In  the  case  of  intercalary  beds  of  igneous  rocks,  if  the  strata  above 
and  below  are  both  metamorphosed  by  heat,  then  the  fused  matter  has 
been  forced  between  and  is  younger  than  the  strata ;  if,  however,  the 
underlying  stratum  is  changed  but  the  overlying  is  not,  then  the  igne- 
ous matter  has  been  outpoured  on  the  sea-bed  and  covered  with  sedi- 
ment, and  is,  therefore,  of  the  same  age  as  the  strata.  The  same  prin- 
ciples determine  the  age  of  sheets  and  st7'eams.  If  sheets  are  successively 
outpoured,  one  atop  the  other,  then,  of  course,  the  order  of  superposi- 
tion determines  their  relative  age.  So,  also,  if  two  streams  run  across 
each  other,  the  overlying  is  the  younger.  In  this  way  Eichthofen  and 
others  have  determined  the  order  of  succession  of  different  kinds  of 
tertiary  eruptives.  Absolute  age,  or  the  geological  time  of  eruption, 
can  only  be  determined  by  the  age  of  the  associated  strata. 

Of  Certain  Sti^tccttcres  found  in  many  Eruptive  Rocks. 

Columnar  Structure. — Many  kinds  of  eruptive  rock  exhibit  some- 
times a  remarkable  columnar  structure.  This  is  most  consjjicuous  in 
basalt,  probably  because  this  rock  has  been  superfused,  and  is  therefore 
sometimes  called  basaltic  structure.  Sheets  and  dikes  of  this  rock  are 
often  found  composed  wholly  of  regular  prismatic  jointed  columns, 
closely  fitting  together,  varying  in  size  from  a  few  inches  to  a  foot 
or  more,  and  in  length  from  several  feet  to  fifty  or  one  hundred  feet. 
When  these  columns  have  been  well  exposed  on  cliffs  by  the  action  of 
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waves,  or  on  river-banks  by  tlie  erosive  action  of  currents,  or  even  by 
atmospheric  disintegration,  they  produce  a  very  striking  scenic  effect 
(Kigs.  191,  192).    In  Europe  the  Giant's  Causeway,  on  the  coast  of 


Fig.  191.— Columnar  Basalt,  New  South  Wales  (Dana). 


Irehind,  and  Fiugal's  Cave,  in  the  island  of  Staffa  on  the  west  coast  of 
Scotland,  are  conspicuous  examples.  In  the  United  States  we  have  ex- 
amples in  Mount  Holyoke,  on  tlie  Connecticut  River;  in  the  Palisades 
of  the  Hudson  River ;  in  the  traps  on  the  shores  of  Lake  Superior ; 
and  especially  in  splendid  cliffs  of  the  Columbia  and  Deschutes  Rivers, 
in  Oregon. 

Direction  of  the  Columns. — The  direction  of  the  columns  is  usually 
at  right  angles  to  the  cooling  surface.  In  horizontal  sheets,  therefore, 
the  columns  are  vertical,  but  in  dikes  they  are  horizontal  (Fig.  193). 
A  dike  left  standing  above  the  general  surface  of  country  sometimes 
presents  the  appearance  of  a  long  pile  of  cord-wood.  In  some  cases 
the  columns  are  curved  and  twisted  in  a  manner  not  easy  to  explain  ; 
sometimes,  instead  of  columnar,  a  ball-stvucture  is  observed. 


Fig.  192.— Basaltic  Columns  on  Sedimentary  Rock,  Lake  Snperior  (after  Owen). 


Cause  of  Columnar  Structure —There  is  little  doubt  that  this 
structure  is  produced  by  contraction  in  the  act  of  cooling.  Manv  .«;nh- 
stances  break  in  a  prismatic  way  in  contracting.   Masses  of  wet  starch, 


OF  CERTAIN  STRUCTURES  FOUND  IN  MANY  ERUPTIVE  ROCKS.  223 

or  very  fine  mud  exposed  to  the  sun,  crack  iu  this  way.  In  basalt  the 
structure  is  more  regular  than  iu  any  other  known  substance.  The 
subject  of  the  cause  of  jointed  colunmar  structure  has  been  very  ably 
discussed  by  Mr.  Mallet.* 

Volcanic  Conglomerate  and  Breccia.— If  a  stream  of  fused  rock, 
whetlier  froin  a  crater  or  a  fissure,  run  down  a  stream-bed,  it  gathei's 
up  the  pebbles  iu  its  course,  and  after  solidification  forms  a  conglom- 
erate which  differs  from  a  true  conglomerate  (p.  179)  in  the  fact  that 
the  uniting  paste  is  igneous  instead  of  sedimentary.  In  a  similar 
manner  volcanic  breccias  are  formed  by  the  flowing  of  a  lava-stream 
over  a  surface  covered  with  angular  fragments  or  rubble.  Breccias 
and  tufas  are  also  formed  by  cementation  of  cinders  and  ashes  accumu- 
lated about  volcanic  vents. 

The  disintegration  of  volcanic  rocks,  and  their  transportation  and 
deposit,  will  of  course  give  rise  to  aqueous  conglomerates  and  breccias 
composed  of  volcanic  materials,  which  often  are  difficult  to  distinguish 


Fio.  193.— Columnar  Dike,  Lake  Superior  (after  Owen). 


from  true  volcanic  conglomerates  and  breccias.  These  aqueous  con- 
glomerates and  breccias  of  volcanic  material  pass  by  insensible  grada- 
tions into  tufas,  which,  as  already  explained  (p.  93),  consist  of  fine 
volcanic  material  cemented  into  an  earthy  mass  and  often  sorted  by 
water. 

Amygdaloid. — Still  another  structure,  very  common  in  lavas  and 
traps,  is  the  amygdaloidal.  The  rock  called  amygdaloid  (Fig.  194) 
greatly  resembles  volcanic  conglomerate,  being  apparently  composed 


*  Philosophical  Magazine,  August  and  September,  1875. 
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of  almond-sliaped  pebbles  in  an  igneous  paste,  but  is  formed  in  a 
wholly  different  way.    Outpoured  traps,  and  especially  lava-streams, 

are  very  often  vesicular — i.  e.,  filled  with 
vapor-blebs,  usually  of  a  flattened,  ellip- 
soidal form.  In  the  course  of  time  these 
cavities  are  filled  with  silica,  carbonate 
of  lime,  or  some  other  material,  by  in- 
filtrated water  holding  these  matters  in 
solution.  Sometimes  the  filling  has  taken 
place  very  slowly  by  successive  additions 
of  different-colored  material.  Thus  are 
formed  the  beautiful  agate  pebbles,  or 
more  properly  amygdales,  so  common  in 
trap.    The  most  common  filling  is  silica, 

FiQ.  194.— Amygdaloid.  ,^  . 

because  water  percolating  through  igne- 
ous rocks  is  always  alkaline,  and  holds  silica  in  solution. 

Some  Important  General  Questions  connected  with  Igneous 

KOCKS. 

1.  Other  Modes  of  Classification. 

There  is  no  subject  connected  with  geology  which  is  in  a  state  of 
greater  confusion  than  the  classification  and  nomenclature  of  igneous 
rocks.  It  seems  proper,  therefore,  to  mention  some  of  the  different 
views  entertained. 

Many  geologists  think  that  igneous  rocks  maybe  thrown  into  three 
groups,  characteristic  of  different  periods  of  the  earth's  history,  and 
which,  therefore,  are  now  found  associated  with  the  stratified  rocks  of 
different  ages.  These  are :  1.  The  granitic  group,  including  granites 
and  syenites,  associated  with  Archaean  and  Palaeozoic  rocks;  2.  The 
trappean  group,  including  diorites,  porphyry,  dolerite,  etc.,  associated 
with  the  later  Palaeozoic  and  the  Mesozoic  rocks ;  and,  3.  The  volcanic 
rocks,  including  basalts,  trachytes,  etc.,  associated  with  the  Tertiary 
rocks.  They  think,  therefore,  that  the  earliest  eruptions  were  granitic, 
then  trappean,  and  lastly  volcanic.  Furthermore,  they  think  that  the 
first  have  come  up  mostly  in  great,  dome-like  masses ;  the  second, 
mostly  intrusive,  in  dikes  and  fissures ;  and  the  third  through  craters 
forming  volcanoes. 

Again,  many  think  that  erupted  matters,  of  different  times,  have 
become  progressively  more  basic.  They  think  that,  although  each 
group  may  be  divided  into  a  more  acidic  and  a  more  basic  sub-group, 
yet,  as  a  whole,  the  granitic  group  is  the  most  acidic  and  the  vol- 
canic the  most  basic,  the  trappean  being  intermediate,  as  shown  in  the 
accompanying  diagram. 
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Again,  these  two  views,  which  are  usually 
held  by  the  same  persons,  are  by  them  con- 
nected with  a  third  view,  in  regard  to  the 
original  constitution  of  the  earth's  crust.  On 
first  cooling,  the  outer  layer  is  supposed  to 
have  been  highly  oxidized,  highly  siliceous, 
and  therefore  comparatively  light — in  other 
words,  granitic  ;  beneath  this  was  a  less  oxi- 
dized, less  acid  layer,  and  so  on  progressively, 
the  deeper  layers  becoming  heavier  and 
heavier,  and  more  and  more  basic.  The 
first  eruptions  were  from  the  outer  layer, 
and  therefore  granitic.  Afterward,  as  the 
crust  grew  thicker  and  thicker,  the  erup- 
tions were  from  deeper  and  deeper  layers, 
and  therefore  denser  and  denser,  and  more  and  more  basic. 

But,  in  answer  to  these  views,  it  may  be  said  that,  as  to  age,  there 
can  be  no  doubt  that  granite,  though  most  commonly  associated  with 
the  older  rocks,  is  found  in  strata  of  all  ages  up  to  the  middle  Tertiary, 
and  fissure  eruptions  have  occurred  in  all  ages  up  to  the  latest  Tertiary. 
The  granite  of  Mont  Blanc  was  pushed  up  at  the  end  of  the  Eocene 
(Lyell),  and  the  great  fissure-eruptions  of  the  Northwest  took  place 
at  the  end  of  the  Miocene  and  during  the  Pliocene.  On  the  other 
hand,  basalts  are  found  in  pre-Cambrian  rocks  (Walcott).*  Also,  as  to 
composition,  rhyolite  and  liparite  have  much  the  same  chemical  com- 
position as  granite,  except  that  more  of  the  silica  is  in  combination  and 
less  of  it  free  in  the  former  than  in  the  latter.  Some  early  diorites 
and  gabbros  have  much  the  same  chemical  (if  not  mineralogical)  com- 
position as  basalt. 

Again,  others,  with  much  reason,  think  that  all  the  differences  be- 
tween the  three  groups  in  mineralogical  character  and  crystalline 
structure  are  due  wholly  to  the  different  depths  at  which  and  the  slow- 
ness with  which  solidification  took  place.  They  think,  therefore,  that 
if  trachyte  or  rhyolite  (Fig.  183,  c)  could  be  traced  downward  deep 
enough  it  would  pass  into  porphyry  {h),  and  finally  into  granite  {g), 
and  similarly  basalt  would  pass  into  dolerite  and  diorite,and  finally  into 
olivin-diabase  or  gabbro.f  On  this  view,  what  we  can  not  do,  has  been 
done  for  us  by  erosion  ;  and  granite  is  most  commonly  associated  with 
older  rocks  only  because  these  have  been  most  eroded,  and  therefore 

*  American  Journal  of  Science,  vol.  vii,  p.  167,  1874. 

t  This  gradual  change  has  very  recently  been  distinctly  observed  in  Southeastern 
Europe  by  Judd  (Geological  Mai^a/.inc,  1876,  vol.  xxxii,  p.  292),  and  also  in  Colorado  by 
Puale  (Hayden'a  Report  for  1873,  p.  261),  and  also  l)y  Hague  and  Iddings  in  Nevada 
(United  States  Geological  Survey  Bulletin,  No.  17,  1885), 
16 
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their  deeper  parts,  or  even  the  fountain-reservoirs  from  which  eruptions 
have  come,  have  been  exposed.  Similarly,  a  less  extreme  erosion  of  the 
Mesozoic  rocks  has  exposed  the  porphyritic  and  dioritic  dikes  through 
which  eruptions  came  up ;  while,  of  the  modern  lavas,  only  the  upper 
or  overflowed  parts  are  exposed.  This  view  explains  completely  all  the 
phenomena  of  igneous  rocks,  and  the  gradations  between  them,  in 
chemical  and  mineralogical  composition  and  in  crystalline  structure 
and  is  therefore  very  probably  true.  We  have  substantially  assumed 
it  in  the  preceding  descriptions. 

The  confusion  in  the  classification  and  nomenclature  of  igneous 
rocks  is  still  further  increased  by  the  undoubted  fact  that  many  of  the 
kinds  of  rocks  mentioned  above  as  igJieous  are  found  also  among  meta- 
morphic  rocks  which  have  never  been  erupted  at  all.  This  subject  is 
further  treated  under  the  head  of  Metamorphism  (p.  230  et  seq.). 

2.  Riclithofen's  Classification  of  Tertiary  Eruptives. 

By  far  the  most  noted  attempt  to  classify  by  age,  or  to  corre- 
late the  kinds  of  igneous  rocks  with  their  ages,  is  found  in  Eicht- 
hofen's  classification  of  Tertiary  eruptives.  According  to  Eichthofen, 
there  is  a  regular  and  invariable  order  of  succession  among  the  erupt- 
ive rocks  of  Tertiary  times;  the  order  being — 1.  Propylite.*  2.  Ande- 
site.  3.  Trachyte.  4.  Ehyolite.  6.  Basalt.  This  order,  however,  ap- 
plies only  to  primary  or  fissure  eruptions  ;  for,  since  primary  erupted 
masses  may  become  the  seats  of  subsequent  secondary  or  crater  erup- 
tions, it  is  evident  that  secondary  eruptions  of  a  lower  group  may  be 
synchronous  with  primary  eruptions  of  a  higher  group. f 

These  views  of  Eichthofen's  have  attracted  wide  attention,  but  have 
not  been  generally  confirmed.  All  that  is  as  yet  generally  accepted 
in  regard  to  the  order  of  Tertiary  eruptives  is  that  the  trachytes  (in- 
cluding in  this  term  with  the  trachytes  proper  also  the  andesites  and 
the  rhyolites)  precede  the  basalts. 

Dutton  and  Iddings  find  in  successive  erujitions  in  the  same  place 
a  law  of  differentiation  from  a  generalized  type  like  andesite  into  more 
and  more  specialized  acid  on  the  one  hand  and  basic  on  the  other. 
Judd  also,  in  his  work  on  Volcanoes,  admits  that  an  intermediate  type 
like  andesite  (propylite  is  usually  regarded  as  a  variety)  is  first  erupted, 
then  an  acid  type  like  trachyte  and  rhyolite,  and  last  basalt.  He 
accounts  for  this  by  supposing  a  homogeneous  fused  mass  (such  as 
would  be  formed  by  fusion  of  many  different  kinds  of  strata)  to  be 
first  erupted  as  soon  as  formed.    This  would  make  an  intermediate 


*  Propylite  is  regarded  by  many  as  an  altered  andesite. 

\  Richtbofen's  Natural  History  of  Volcanic  Rocks,  Memoirs  of  California  Academy  of 
Science,  vol.  i,  Part  II. 
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type.  The  remainder  of  the  fused  mass  after  long  standing  would 
separate  into  a  lighter  acid  portion  above  and  a  heavier  basic  portion 
below.  These  would,  therefore,  be  successively  erupted  as  rhyolite  and 
basalt.  On  the  other  hand  Geikie  and  Teall  find  a  law  of  increasing 
acidity,  and  Brogger  *  confirms  this  law,  but  only  for  plutonics. 

3.  General  Origin  of  Igneous  Rocks. 
The  fused  matter  outpoured  on  the  surface  or  intruded  among  the 
stratified  rocks  may  be  derived  from  the  original  fused  magma  of  the 
primal  incandescent  earth  either  universal  within  or  left  as  local 
remnants  in  the  solidification  of  the  earth's  shell,  and  never  having  been 
consolidated  before  eruption.  Many  geologists  take  this  view.  But  it 
is  not  improbable  that  they  may  result  from  local  fusion  of  stratified 
rocks  or  refusion  of  previously  consolidated  igneous  rocks,  and  that  we 
look  in  vain  for  any  examples  of  the  original  magma.  This  question 
may  be  regarded  as  still  undecided. 

4.  Origin  of  the  Varioxis  Kinds  of  Eruptive  Rocks  ly  Differentiation 

of  Rock  Magmas. 

Until  very  recently  it  was  taken  for  granted  that  a  fused  mass 
would  have  the  same  composition  throughout  and  would  retain  such, 
composition  until  solidified,  and  therefore  that  all  eru]3tions  in  the 
same  place  and  from  the  same  magma  must  have  the  same  composi- 
tion, chemical  if  not  mineral.  When,  therefore,  diverse  species  from 
extreme  acid  to  extreme  basic  were  found  in  the  same  locality  it  was 
supposed  that  they  came  from  eruptions  at  different  times  and  from 
different  magmas,  and  many  ingenious  attempts  have  been  made  to 
classify  these  according  to  their  supposed  relative  ages.  The  most 
celebrated  of  these  attempts  is  that  of  Eichthofen  in  the  classification 
of  Tertiary  eruptives,  given  above.  But  now  it  has  been  definitely 
proved,  especially  by  the  observations  of  Iddings  on  the  eruptives  of 
Electric  Peak  and  Sepulchre  Mountains,  Montana,  that  the  same  molten 
mass  in  the  act  of  cooling  differentiates  into  basic  kinds  on  the  one 
hand  and  acid  kinds  on  the  other.  Speaking  in  a  general  way,  it  may 
be  said  that  in  the  gradual  cooling  of  such  a  mass  the  first  to  crystallize 
are  the  more  basic  minerals.  These  crystallize  first  in  the  outlying 
parts  when  the  cooling  is  most  rapid,  and  then  similar  materials  con- 
tinue to  accumulate  and  crystallize  there  by  migration  of  the  more 
basic  materials  to  the  solidifying  parts,  leaving  a  more  acid  remnant  in 
the  center  to  solidify  last.  It  is  true  that  this  is  contrary  to  what  we 
would  expect  if  we  regard  only  the  relative  fusibilities  of  the  several 
minerals,  for  the  basics  are  the  more  fusible  and  therefore  ought  to  be  the 


*  Eruptivcgcstcine  des  Kristianiagcbietcs.    Eruptivegesteine  bei  Prodazzo,  1S95. 
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Inst  to  solidify.  But  we  must  regard  all  the  minerals  as  in  solution  in 
a  fused  magma  of  alkaline  silicates,  and  the  basic  minerals  as  the  more 
insoluble  aud  therefore  as  crystallizing  first.  Thus  the  phenomena  of 
the  origin  of  different  species  from  a  single  fused  mass  may  be  ex- 
plained by  (1)  the  tendency  to  differentiate  on  cooling;  (2)  the  greater 
insolubility  of  the  more  basic  minerals,  and  therefore  tlieir  earlier  crys- 
tallization in  the  outer  parts;  and  (3)  the  migration  ot  materials  to 
the  point  of  crystallization.  Add  to  this  the  fact  that  different 
original  magmas  differ  in  composition,  and  all  the  different  kinds  of 
eruptives  receive  a  ready  explanation,' 


CHAPTER  IV. 
METAMORPHIC  ROCKS. 

There  is  a  third  class  of  rocks,  intermediate  in  character  between 
the  ordinary  sedimentary  and  the  igneous  rocks,  and  therefore  put  off 
until  these  had  been  described.  The  rocks  of  this  class  are  stratified, 
like  the  sedimentary,  but  crystalline,  though  never  glassy,  and  usually 
non-fossiliferous,  like  the  igneous  rocks.  They  graduate  insensibly  on 
the  one  hand  into  the  true  unchanged  sediment,  and  on  the  other  into 
true  igneous  rocks  of  the  granitic  type. 

Origin. — Their  origin  is  evidently  sedimentary,  like  other  stratified 
rocks,  but  they  have  been  subsequently  subjected  to  heat  and  other 
agents  which  have  changed  their  structure,  sometimes  entirely  destroy- 
ing their  fossils  and  even  their  lamination  structure,  and  inducing  in- 
stead a  crystalline  structure.  The  evidence  of  their  sedimentary  origin 
is  found  in  their  gradation  into  unchanged  fossiliferous  strata;  the 
evidence  of  their  subsequent  change  by  heat,  in  their  gradation  into 
true  igneous  rocks.  For  this  reason,  they  are  called  metaviorphic 
rocks. 

Position. — All  the  lowest  and  oldest  rocks  are  metamorphic.  The 
converse,  however,  viz.,  that  metamorphic  rocks  are  always  among  the 
oldest,  is  by  no  means  true.  Metamorphism  is  not,  therefore,  a  test  of 
age.  Metamorphic  rocks  are  found  of  all  ages  up  to  the  Tertiary.  The 
Coast  Range  of  California  is  much  of  it  metamorphic,  although  the 
strata  belong  to  the  Tertiary  and  Cretaceous  periods.  Metamorphism 
seems  to  be  universal  in  the  Laurentian,  is  general  in  the  Pal.'Bozoic, 
frequent  in  the  Mesozoic,  exceptional  in  the  Tertiary,  and  entirely 
loanting  in  recent  sediments.  It  is  therefore  less  and  loss  common  as 
we  pass  up  the  series  of  rocks.  The  date  of  metiimorphism  is  also 
different  from  that  of  the  origin  of  the  strata.    Metamorj)hism  has 
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taken  place  in  all  geological  periods,  and  is  doubtless  now  progressing 
in  deeply-buried  strata. 

Metamorphism  is  also  generally  associated  with  foldings,  tiltings, 
intersecting  dikes,  and  other  evidences  of  igneous  agency,  and  is  there- 
fore chiefly  found  in  mountainous  regions.  It  is  also  usually  found 
only  in  very  thick  strata. 

Extent  on  the  Earth-Surface. — These  rocks  exist,  outcropping  on 
the  surface,  over  wide  regions.  Nearly  the  whole  of  Canada  and 
Labrador,  a  large  strip  on  the  eastern  slope  of  the  Appalachians,  and 
a  large  portion  of  the  mountainous  regions  of  the  western  border  of 
this  continent,  are  composed  of  them.  Beneath  the  surface  they  prob- 
ably underlie  all  other  stratified  rocks,  aud  are  therefore  the  most 
widely  diffused  of  all  rocks.  Their  thickness  is  also  often  immense. 
The  Archfean  series  of  Canada  is  probably  50,000  feet  thick,  and 
metamorphic  throughout. 

Principal  Kinds. — The  principal  kinds  of  metamorphic  rocks  are : 
Gneiss,  iuioa-schist,  chlorite-schist,  talcose-schist,  hornllende- schist., 
clay-slate,  guar tzite,  marble,  and  serpentine. 

Gneiss,  the  most  universal  and  characteristic  of  these  rocks,  has 
the  general  appearance 
and  mineral  composition 
of  granite,  except  that  it 
is  more  or  less  distinctly 
stratified.  Often,  how- 
ever, the  stratification  can 
only  be  observed  in  large 
masses.  Gneiss  runs  by 
insensible  gradations,  on 
the  one  hand,  into  granite,  and  on  the  other,  through  the  more  per- 
fectly stratified  schists,  into  sandy  clays  or  clayey  sands. 

The  schists  are  usually  grayish  fissile  rocks,  made  up  largely  of 
scales  of  mica,  or  chlorite,  or  talc.  Hornblende-schist  is  similarly  made 
up  of  scales  of  hornblende,  and  is  therefore  a  very  dark  rock.  The 
fissile  structure  of  schists  is  due  to  the  presence  of  these  scales,  and  is 
therefore  wholly  different  from  that  of  slates.  It  is  called  foliation- 
structure. 

Serpentine  is  a  compact,  greenish  magnesian  rock.  The  other  vari- 
eties need  no  description.  Hornblende-schists  run  by  insensible  grada- 
tions into  clay-slates  on  the  one  hand,  and  into  diorites  and  syenites  on 
the  other. 

All  these  kinds  may  be  regarded  as  changed  sands,  limestones,  and 
clays,  the  infinite  varieties  being  the  result  of  the  difference  in  the 
original  sediments  and  the  degrees  of  metamorphism.  Sands  and  lime- 
stones are  often  found  very  pure  ;  such  when  metamorphosed  produce 
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quartzite  atid  marble.  Clays,  on  the  contrary,  are  almost  always  im- 
pure, containing  sand,  lime,  iron,  magnesia,  etc.  Sucli  impure  clays, 
if  sand  is  in  excess,  produce  by  metamorphosis  gneiss,  mica-schist,  and 
the  like ;  but  if  lime  and  iron  are  in  considerable  quantities  they  pro- 
duce hornblende-schist  or  clay-slate ;  if  magnesia,  talcose-schist.  The 
origin  of  serpentine  is  not  well  understood  ;  but  it  is  evidently  in 
many  cases  a  changed  magnesian  clay.  All  gradations  between  sucii 
clays  and  serpentine  may  be  found  in  the  Tertiary  and  Cretaceous 
strata  of  the  Coast  Range  of  California.  But  it  is  also  often,  perhaps 
oftenest,  a  changed  igneous  rock  containing  much  olivin  (peridotite). 

Theory  of  Metamorpliism. 

There  are  few  subjects  more  obscure  than  the  cause  of  metamor- 
phism,  and  the  conditions  under  which  it  occurs.  Some  important 
light  has  been  thrown  on  it,  however,  recently.  For  the  sake  of  clear- 
ness, it  will  be  better  to  divide  metamorphism  into  two  kinds,  some- 
what different  in  their  causes,  viz.,  local  and  general. 

Local  MetamorjjMsm  is  that  produced  by  direct  contact  with  evi- 
dent sources  of  intense  heat,  as  when  dikes  break  through  stratified 
rocks.  As  already  seen  (p.  218),  under  these  circumstances,  impure 
sandstones  are  changed  into  schists,  or  into  gneiss ;  clays  into  slates,  or 
into  porcelain  jasper ;  limestones,  into  marbles ;  and  bituminous  coal, 
into  coke,  or  into  anthracite.  In  these  cases  it  is  evident  that  the 
cause  of  the  change  is  the  intense  heat  of  the  incandescent,  fused  con- 
tents of  the  dike  at  the  moment  of  filling.  In  such  cases  of  local 
metamorphism,  the  effects  usually  extend  but  a  few  yards  from  the 
wall  of  the  dike. 

General  Metamorphism. — But  in  many  cases  we  can  not  trace  the 
change  to  any  evident  source  of  intense  heat.  Rocks  thousands  of  feet  in 
tliickness,  and  covering  hundreds  of  thousands  of  square  miles,  are  uni- 
versally changed.  The  principal  agents  of  this  general  metamorphism 
seem  to  be  heat,  luater,  alkali,  pressure  with  folding  and  sliearing. 

That  heat  is  a  necessary  agent  is  sufficiently  evident  from  the  gen- 
eral similarity  of  the  results  to  local  metamorphism.  But  that  the  heat 
was  not  intense,  and  therefore  not  sufficient  of  itself  to  produce  the 
effects,  is  also  quite  certain.  For  {a)  metamorphic  rocks  are  often 
found  interstratified  with  unchanged  rocks.*  Intense  heat  would  have 
affected  them  all  alike,  or  nearly  alike,  {b)  Many  minerals  are  found 
in  metamorphic  rocks  which  will  not  stand  intense  heat.  As  an 
example,  carbon  has  been  found  in  contact  with  magnetic  iron-ore, 
although  it  is  known  that  this  contact  can  not  exist,  even  at  the  tem- 
perature of  red-heat,  without  reduction  of  the  iron-ore.    {c)  Tlie 


*  American  Journal  of  Science,  vol.  xsi,  p.  827,  1881. 
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effect  of  simple  dry  heat,  as  shown  in  cases  of  local  metamorphism, 
does  not  extend  many  yards,  (d)  Water-cavities  are  found  abundantly 
in  metamorphic  rocks.    This  will  be  more  fully  explained  farther  on. 

Water. — Heat  combined  with  water  seems  to  be  the  true  agent. 
Recent  experiments  of  Daubree,  Senarmont,  and  others,  prove  that 
water  at  400°  C.  (  =  752°  Fahr.)  reduces  to  a  pasty  condition  nearly  all 
ordinary  rocks ;  moreover,  that  at  this  temperature  crystals  of  quartz, 
feldspar,  mica,  augite,  etc.,  are  formed.  In  fact,  as  Guthrie  has  shown 
(Geological  Magazine,  vol.  vi,  p.  244,  1889),  there  are  all  gradations 
between  solution  and  true  igneous  fusion  through  various  grades  of 
hydrothermal  fusion.  Such  a  pasty  or  aqueo-fused  mass  slowly  cooled 
would  form  a  crystalline  rock  containing  crystals  of  quartz,  feldspar, 
mica,  etc;  in  other  words,  would  be  metamorphic.  The  quantity  of 
water  necessary  for  these  effects  is  shown  by  experiment  to  be  very 
small — only  five  to  ten  per  cent.  In  other  words,  the  included  water 
of  sediments  is  avijyly  sufficient. 

Alkali. — Alkaline  carbonates,  or  alkaline  silicates,  so  common  in 
natural  waters,  greatly  promote  the  process,  causing  the  aqueo-igneous 
pastiness  or  aqueo-igneous  fusion  to  take  place  at  a  much  lower  tem- 
perature. 

Pressure  with  Shearing. — Pressure  is  a  necessary  condition  of  the 
existence  of  high  temperature  in  the  presence  of  water,  and  is  thus  an 
indirect  agent  of  metamorphism,  but  it  is  also  a  direct  agent,  since  it 
increases  chemical  action  of  many  kinds,  and  therefore  solnhility,  and 
also  increases  the  heat  by  shearing. 

It  is  evident,  therefore,  that  while  metamorphism  by  dry  heat  would 
require  a  temperature  of  2,000°  to  3,000°  Fahr.,  in  the  presence  of 
water  the  same  result  is  produced  at  572°  to  752°  Fahr.  (300°  or  400° 
C.) ;  or  in  the  presence  of  alkali,  even  in  small  amount,  probably  at 
300°  or  400°  Fahr. 

Application. — All  these  agents  are  found  associated  in  deeply- 
buried  sediments.  Series  of  outcropping  strata  are  often  found  20,000 
or  even  40,000  feet  thick.  The  lower  strata  of  such  a  series  by  the 
regular  increase  of  interior  heat  alone  must  have  been,  before  up- 
tilting,  at  a  temperature  of  between  700°  and  800°  Fahr.,  a  tempera- 
ture sufficient,  with  their  included  water,  to  produce  complete  aqueo- 
igneous  pastiness,  and  therefore,  by  cooling  and  crystallization,  com- 
plete metamorphism. 

Suppose,  then,  a,  sb,  Fig.  19G,  represent  the  contour  of  land  and 
sea-bottom  at  the  beginning  of  any  period,  and  the  dotted  lines  the 
isogeotherm  of  400°  and  800°.  If,  now,  sediments  40,000  to  50,000  feet 
thick  be  deposited  so  that  the  sea-bottom  is  raised  to  s'  b',  then  the 
isotherm  of  800°  will  rise  to  the  position  of  the  broken  lines  and 
invade  the  lower  portions  of  the  sediments  with  their  included  water. 
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Such  sediments  would  be  completely  changed  in  their  lower  portions, 
and  to  a  less  extent  higher  up.    It  is  probable  that  even  300°  to  400° 


Fio.  106.— original  sea-bottom;  s'b',  sea-bottom  after  sediments,  sd,  have  accumulated:  .  .  ., 
isoscothonua  of  800*  and  400° :       —       same  after  accumulation  of  sediments. 

Fahr.  is  sufficient  to  produce  a  considerable  degree  of  change ;  or  even 
200°,  if  alkali  be  present. 

Crushing. — Although  simple  gravitative  pressure  is  only  a  condi- 
tion, and  not  a  cause,  of  heat,  horizontal  pressure  loith  crushing  and 
folding  of  the  crust,  by  the  conversion  of  mechanical  energy  into  heat, 
becomes,  as  Mallet  has  shown,*  an  active  source  of  this  agent.  Now, 
in  all  cases  of  metamorphism  we  find  ample  evidences  of  such  horizon- 
tal crushing  in  the  associated  foldings  and  cleavage  of  the  strata. 

Mechanical  MetamorpMsm. — Very  recently  it  has  been  shown  that 
lateral  pressui-e  with  crushing  and  shearing,  and  sometimes  even  a  kind 
of  flowing  of  the  crushed  rock,  will  produce  a  schistose  structure  not 
only  in  stratified  but  even  in  igneous  rocks.  This  has  been  called 
mechanical  or  dynamical  metamorphism.  Thus  the  difficulty  of  deter- 
mining the  origin  of  metamorphic  rocks  becomes  still  greater. 

Again,  percolating  water  containing  silica,  even  at  ordinary  tem- 
perature and  pressure,  but  especially  at  high  temperature  under  heavy 
pressure,  may  often  fill  up  by  crystallization  the  interstices  of  a  sand- 
rock  so  as  to  make  a  perfect  quartzite.f 

Explanation  of  Associated  Phenomena. — This  theory  readily  ex- 
plains— 1.  Why  metamorphism  is  always  associated  with  great  thick- 
ness of  strata ;  2.  Why  the  oldest  rocks  are  most  commonly  meta- 
morphic, since  these  have  usually  had  the  newer  rocks  piled  upon 
them,  and  have  been  subsequontly  exposed  by  erosion.  The  newer 
rocks  are  sometimes  also  metamorphic,  but  in  these  cases  they  are  very 
thick.  3.  It  also  explains  the  interstratification  of  metamorphic  with 
unchanged  rocks  ;  since  some  rocks  are  more  easily  affected  by  heated 
water  than  others,  and  the  composition  of  the  included  water  may  be 
also  different,  some  containing  alkali  and  some  not.  4.  It  also  explains 
its  association  with  foldings  of  strata  and  with  mountain-chains,  as  will 
be  more  fully  explained  hereafter. 


*  Philosophical  Transnctions,  18Y3,  p.  147. 

f  Irving,  Amcrlcau  Journal,  vol.  xxv,  p.  402,  1883,  and  vol.  xxxi,  p.  225,  1886. 
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If  metamorphism  is  only  produced  in  deeply-buried  sediments,  then 
the  exposure  of  such  rocks  on  the  surface  can  only  result  from  exten- 
sive erosion. 

Origin  of  Granite. 

No  doubt  most  granites  are  the  consolidated  reservoirs  from  which 
eruptions  have  come;  but  there  is  much  reason  to  believe  that  at  least 
some  granites  are  not  the  result  of  simple  dry  fusion,  as  is  usually  sup- 
posed ;  but,  on  the  contrary,  only  the  last  term  of  metamorphism  of 
highly-siliceous  sediments,  and  have  not  given  rise  to  eruptions  at  all. 
According  to  this  view,  incipient  pastiness  by  heat  and  water  makes 
gneiss ;  complete  pastiness,  completely  destroying  stratification,  makes 
granite.  The  principal  arguments  for  this  view  may  be  briefly  stated 
as  follows :  * 

1.  In  many  localities  in  mountain-regions,  and  nowhere  better  than 
in  the  Sierra  of  California,  every  stage  of  gradation  may  be  observed 
between  clayey  sandstones  and  gneiss,  and  between  gneiss  and  granite. 
So  perfect  is  this  gradation,  that  it  is  impossible  to  draw  sharply  the 
distinction.  Even  geologists  who  believe  that  granite  is  the  primitive 
rock  have  been  compelled  to  admit  that  there  is  also  a  metamorphic 
granite,  scarcely  distinguishable  from  primitive  granite. 

2.  Not  only  gneiss,  but  even  granite,  is  sometimes  interstratified 
with  undoubted  sedimentary  rocks.f 

3.  Chemists  recognize  two  kinds  of  silica,  viz.,  an  amorphous  va- 
riety of  specific  gravity  3-3,  and  a  crystallized  variety  (quartz),  specific 
gravity  2-6.  These  two  varieties  differ  from  each  other  not  only  in 
density,  but  also  in  chemical  properties,  the  former  being  much  more 
easily  attacked  by  alkalies  than  the  latter.  By  solidification  from  fusion 
(dry  way)  only  the  variety  of  specific  gravity  2-2  has  been  artificially 
formed,  while  the  variety  2-6  is  formed  only  by  slow  deposit  from  solu- 
tion (humid  way). J  Now,  the  silica  of  granite  is  always  of  the  variety 
2-6,  and  therefore  was  probably  formed  in  presence  of  water. 

4.  Crystals  of  quartz,  hornblende,  and  mica,  are  frequently  formed 
in  Nature  by  the  humid  process,  as,  for  example,  in  metamorphic  rocks  ; 
and  have  also  been  artificially  formed  by  the  same  process  by  Daubree, 
Senarmont,  and  others,  as  already  stated  (p.  231)  ;  but  they  have  never 
been  formed  artificially  by  the  dry  way. 

5.  In  nearly  all  rocks  and  minerals  microscopic  cavities  are  found 
indicating  the  conditions  under  which  crystallization  or  solidification 

*  Rose,  Philosophical  Magazine,  xix,  p.  32;  Delesae,  Archives  des  Sciences,  vol.  vii, 
p.  190;  Hunt,  American  Journal  of  Science  and  Arts,  new  series,  vol.  i,  pp.  82,  182. 
+  Dana,  American  Journal  of  Science,  vol.  xx,  p.  194,  1880. 

X  Recently  quartz,  specific  gravity  2'6,  has  been  formed  under  peculiar  conditions  by 
dry  fusion  (American  Journal  of  Science,  vol.  xvi,  p.  154,  1878). 
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took  place.  If  crystals  are  formed  by  sublimation,  they  contain  vacu- 
02CS  cavities.  If  they  are  formed  by  solidification  from  fusion  (dry  way), 
and  if  gases  or  vapors  are  present,  they  may  contain  vapor-blebs;  but, 
if  they  crystallize  slowly  from  a  glassy  magma,  they  contain  spots  of 
glassy  matter,  or  (/lass  cavities  or  inclusions,  as  in  slags  and  lavas.  If 
they  are  formed  by  crystallization  from  solution,  then  they  have  fluid 
cavities,  or  liquid  inclusions,  as  they  are  now  usually  called.  Xow,  not 
only  are  these  fluid  cavities  found  in  metamorphic  rocks,  but  also  in 
the  quartz  and  feldspar  of  granite.  "  A  thousand  millions  of  these 
microscopic  cavities  in  a  cubic  inch  is  not  at  all  unusual ;  and  the  in- 
closed water  often  constitutes  one  to  two  per  cent  of  the  volume  of  the 
quartz."*  These  facts  point  plainly  to  the  agency  of  water  in  the  for- 
mation of  at  least  some  granite.  Among  the  liquids  thus  inclosed  in 
granite  and  other  metamorphic  rocks  is  often  found  liquid  carbonic 
acid.  This  fact  shows  the  great  pressure  under  which  solidification 
of  the  rock  took  place. 

Even  the  temperature  at  which  metamorphic  rocks  and  granite 
solidified  has  been  approximately  determined  by  Mr.  Sorby.  The 
principle  on  which  this  is  done  is  as  follows :  If  crystallization  from 
solution,  or  solidification  in  the  presence  of  water,  take  place  at  ordi- 
nary temperatures,  then  the  fluid  cavities  will  be  full ;  but  if  at  high 
temperatures,  and  the  mass  subsequently  cools,  then  by  the  contraction 
of  the  contained  liquid  more  than  of  the  containing  walls  ;  a  vacuous 
space  will  be  formed  which  will  be  larger  in  proportion  to  the  amount 
of  contraction,  and  therefore  to  the  temperature  of  solidification. 
Knowing,  therefore,  the  relative  sizes  of  the  vacuole  and  the  contained 
water,  and  the  coefficient  of  expansion  of  the  water  and  the  rock,  the 
temperature  at  which  the  cavity  would  fill  (which  is  the  temperature  of 
solidification)  may  be  calculated.  Sometimes  this  temperature  may  be 
gotten  by  actual  experiment,  i.  e.,  by  heating  until  the  cavity  fills.  By 
this  method  Mr.  Sorby  has  determined  the  temperature  of  solidifica- 
tion of  certain  metamorphic  rocks  of  Cornwall  as  392°  Fahr.,  and  of 
some  granites  as  482°,  and  other  only  212°. 

It  seems  almost  certain,  therefore,  that  some  graiiites  have  not 
been  formed  by  dry,  igneous  fusion.  Yet  that  this  rock  has  been  in  a 
liquid  or  pasty  condition  is  perfectly  certain  from  its  occurrence  in 
tortuous  veins.  Therefore  it  has  been  rendered  pasty  by  heat  in  the 
presence  of  water  under  great  pressures,  such  as  always  exist  in  deeply- 
buried  strata.  The  weight  of  the  superincumbent  strata,  or  else  pres- 
sure by  folding  and  crushing  of  the  strata,  has  forced  it  into  cracks 
and  great  fissures. 

What  we  have  said  of  granite  applies  of  course  to  the  whole 


*  Sorby,  Quarterly  Journal  of  the  Geological  Society,  vol.  xiv,  pp.  329,  453. 
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granitic  group.  Granitic  rocks  are  often  only  the  last  term  of  the 
metamorpliisni  of  sediments ;  granite  being  produced  from  the  more 
siliceous  sediments,  and  diabase  and  gabbro  from  the  more  basic  im- 
pure clays.  But  we  can  not  stop  with  this  group.  It  is  probable 
that  many  if  not  all  the  rocks  of  the  Trappean  group  also  may  be 
made  by  metamorphism  of  sediments.  Many  bedded  diorites,  dol- 
erites,  and  felsites,  are  undoubtedly  formed  in  this  way,  for  the  grada- 
tions can  be  distinctly  traced  into  slates.  Prof.  Dana*  has  recog- 
nized this  as  so  certain  that  he  proposes  the  addition  of  the  prefix 
meta  to  these  to  indicate  their  origin.  Thus  he  recognizes  a  syenite 
and  a  metasyenite,  a  diorite  and  a  metadiorite,  dolerite  and  meta- 
dolerite,  felsite  and  metafelsite,  etc.,  and  we  might  add  granite  and 
metagranite. 

Many  geologists  push  these  views  so  as  to  include  also  even  the 
true  lavas.  Deeply-buried  sediments  under  gentle  heat  in  the  presence 
of  water  and  pressure  undergo  incipient  change  and  form  metamor- 
phic  rocks ;  under  greater  heat  become  pasty  and  form  granite,  meta- 
syenites,  metadiorites,  metafelsites,  etc.,  under  still  greater  heat,  in- 
creased probably,  as  Mallet  suggests,  by  mechanical  energy  in  crushed 
strata  being  converted  into  heat,  become  completely  fused,  and  are 
then  outpoured  upon  the  surface  either  by  the  elastic  force  of  the 
steam  generated,  or  by  the  pressure  and  squeezing  produced  by  the 
folding  of  the  crust  of  the  earth,  so  common  in  mountainous  regions. 
According  to  this  view,  every  portion  of  the  earth's  crust  has  been 
worked  over  and  over  again,  passing  through  the  several  conditions 
of  soil,  sediment,  stratified  rock,  metamorjihic  rock,  and  igneous 
rock,  perhaps  many  times  in  the  course  of  the  geological  history 
of  the  earth,  and  we  look  in  vain  for  the  primitive  rock  of  the  earth's 
crust. 


CHAPTER  V. 
STRUCTURE  COMMON  TO  ALL  ROCKS. 

We  have  thus  far  given  a  brief  description  of  the  three  classes  of 
rocks,  their  structure  and  mode  of  occurrence.  There  are  still,  how- 
ever, several  important  kinds  of  structure  which  are  common  to  all 
these  classes  of  rocks,  and  require  description.  These  are  joints,  fis- 
sures, and  veins.  Mountain-chains,  as  involving  all  kinds  of  rocks 
and  all  kinds  of  structure,  and  as  summing  up  in  their  discussion  all 


*  American  Journal  of  Science  and  Arts,  vol.  xi,  p.  119,  February,  1870. 
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the  principles  of  structural  and  dynamical  geology,  must  be  taken  up 
last. 

Section-  1. — Joints  and  Fissures, 
Joints. 

All  rocks,  whether  stratified  or  igneous,  are  divided,  by  cracks  or 
division-planes,  in  three  directions,  into  separable  irregularly  prismatic 
blocks  of  various  sizes  and  shapes.    These  cracks  are  called  joints.  In 


Fig.  19".— Regular  Jointing  of  Limestone. 

stratified  rocks  the  planes  between  the  bedding  constitute  one  of  these 
division-planes,  while  the  other  two  are  nearly  at  right  angles  to  this 
and  to  each  other,  and  are  true  joints.    In  igneous  rocks  all  the 

division-planes  are  of 
the  nature  of  joints.  In 
sandstone  these  blocks 
are  large  and  irregular- 
ly prismatic ;  in  slate, 
small,  confusedly  rhom- 
boidal ;  in  shale,  longi 
parallel,  straight  ;  in 
limestone,  large,  regu- 
lar, cubic ;  in  basalt,  reg- 
ular, jointed,  columnar ; 
in  granite,  large,  irregu- 
larly cubic,  or  irregularly  columnar.  On  this  account  a  perpendicular 
rocky  cliff  usually  presents  the  appearance  of  huge,  irregular  masonry, 
without  cement. 

The  caitse  of  joints  is  partly  the  shrinkage  of  the  rock  in  the  act 
of  consolidation  from  sediments  (lithificatioii),  as  in  stratified  rocks,  or 
in  cooling  from  a  previous  condition  of  hig]\  temperature,  as  in  the 
igneous  and  metamorphic  rocks,  and  partly  the  crushings  and  torsions 


Fig.  198. — Granitic  Columns. 
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to  which  all  rocks  arc  subjected  by  movements  of  the  crust.  These 
last  kinds  graduate  usually  into  the  great  fissures. 

Fissures,  or  Fractures. 

These  must  not  be  confounded  with  joints.  Joints  are  cracks  in 
the  individual  strata  or  beds  ;  fissures  are  fractures  in  the  earth's  cricst, 
passing  through  many  strata,  and  even  sometimes  through  many 
formations.  The  former  are  produced  by  shrinkage  and  perhaps  other 
causes ;  tlie  latter  by  movements  of  the  earth's  crust.  Fissures,  there- 
fore, are  often  fifty  or  more  miles  in  length,  thirty  to  fifty  feet  in 
width,  and  pass  downward  to  unknown  but  certainly  very  great  depths. 
They  often  break  through  the  crust  into  the  sub-crust  liquid. 

Cause. — The  cause  of  great  fissures  is  evidently  always  movements, 
either  by  foldings  or  by  liftings  of  the  earth's  crust.    In  either  case 


Fig.  199.— Section  of  Nutria- Fold,  New  Mexico  (after  Gilbert). 


there  would  be  formed  a  parallel  system  of  fissures  in  the  direction  of 
the  folds,  and  therefore  at  right  angles  to  the  dii*ection  of  the  folding 
or  lifting  force.  Fissures  are  usually  thus  found  in  systems  parallel 
among  themselves,  and  to  the  axes  of  mountain-chains.  Through  such 
fissures  igneous  rocks  in  a  fused  condition  are  often  forced,  forming 
dikes  and  overflowing  sheets.  Besides  the  principal  fissures  just  ex- 
plained, Hopkins  has  shown  that,  in  the  case  of  the  formation  of 
mountains,  there  would  be  formed  also  other  smaller  fissures  at  right 
angles  to  these. 

Nearly  always  the  walls  on  the  two  sides  of  a  fissure  do  not  cor- 
respond with  each  other,  but  one  side  has  been  pushed  up  higher  or 


Fio.  200.— Fault  in  Southwest  Virginia:  a,  Silurian;  d,  carboniferous  (after  Lesley). 


dropped  down  lower  than  the  other.  Such  a  displacement  is  called  a 
fault,  a  slip,  or  dislocation.    This  may  occur  in  fissures  in  any  kind  of 
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rock,  but  is  most  marked  and  most  easily 
distinguished  in  stratified  rocks.  When  the 
strata  are  sufficiently  flexible  to  admit  it, 
they  are  bent  instead  of  broken,  and  a  mono- 
clinal  fold  is  formed  instead  of  a  fault  (Fig. 
199).  When  the  fissure  is  filled  at  the  mo- 
ment of  its  formation  with  fused  matter 
from  beneath,  it  is  called  a  dike.  When  it 
is  not  filled  at  the  moment  of  its  formation 
with  igneous  injection,  but  slowly  afterward 
with  other  matter,  and  by  a  different  pro- 
cess, it  is  called  a  vein.  Dikes  we  have  al- 
ready discussed  (p.  218) ;  veins  we  will  dis- 
cuss later ;  we  are  concerned  here  only  with 
faicUs. 

Faults. — In  faults  the  extent  of  vertical 
displacement  varies  from  a  few  inches  to 
hundreds  or  even  thousands  of  feet.  In  the 
Appalachian  chain  there  occur  faults  in 
which  the  vertical  dislocation  is  5,000  to 
20,000  feet.  In  Southwest  Virginia,  ac- 
cording to  Eogers,  there  is  a  line  of  fracture 
extending  parallel  to  the  Appalachian  chain 
for  eighty  miles,  in  which  there  is  a  verti- 
cal slip  of  8,000  feet,*  the  Lower  Silurian 
being  brought  up  on  one  side  until  it  comes 
in  conjunction  with  the  Lower  Carbonifer- 
ous on  the  other  (Fig.  200).  In  Western 
Pennsylvania,  according  to  Leslie,  there  is 
another  fault  extending  for  twenty  miles, 
in  which  the  lowermost  of  the  Lower  Silu- 
rian is  brought  up  on  a  level  Avith  the  up- 
permost of  the  Upper  Silurian,  the  whole 
Silurian  strata  being  at  this  place  20,000 
feet  thick,  so  that  one  may  stand  astride  of 
the  fissure  with  one  foot  on  the  Trenton 
limestone  (Lower  Silurian),  and  the  other 
on  the  Hamilton  shales  (Devonian). f  On 
the  north  side  of  the  Uintah  Mountains 
there  is  a  slip,  according  to  Powell,  of  nearly 
20,000  feet.t  The  Sevier  Valley  fault,  Utah, 


*  Dana's  Manual,  p.  399.       +  Mannnl  of  Coal,  p.  147. 
if  Exploration  of  Colorado  River,  p.  156. 
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may  be  traced  partly  as  a  slip,  partly  as  a  monoclinal  fold,  for  225 
miles  (Gilbert).  On  the  west  side  of  the  Wahsatch  range  there  is  a 
fault  of  40,000  feet  (King),*  and  on  the  east  side  of  the  Sierra  one  of 
at  least  15,000  feet.f 

But  nowhere  on  this  continent,  or  perhaps  in  the  world,  are 
fissures  and  faults  developed  on  so  grand  a  scale  as  in  the  high 
Plateau  region,  i.  e.,  tlie 
region  bounded  by  the 
Wahsatch,  the  Uintah, 
and  the  Colorado  Moun- 
tains. The  whole  of  this 
elevated  region  is  tra- 
versed by  a  system  of 
north  and  south  fissures, 
extending  for  hundreds  of 
miles,  by  which  the  al- 
most horizontal  strata  are 
broken  into  huge  oblong  prismatic  blocks  many  miles  wide.  The  slip- 
ping of  these  blocks,  some  to  a  higher  and  some  to  a  lower  level,  with 
a  difference  of  1,000  to  5,000  feet,  or  even  in  some  cases  12,000  feet, 
has  given  rise  to  the  remarkable  series  of  north  and  south  clifPs,  which, 
together  with  the  equally  remarkable  east  and  west  cliffs,  due  to  ero- 
sion, to  be  described  here- 
after (p.  283),  form  so 
striking  a  feature  of  the 
scenery  of  this  region. 
The  accompanying  sec- 
tion and  perspective  view 
(Fig.  201),  taken  from 
Powell,  shows  several  of 
these  occurring  in  a  dis- 
tance of  90  miles. J 

These    fissures  were 

Fig.  203.-strata  repeated  by  Faults.  '  formed  by  the  elevation 

of  the  Plateau  region,  and 
are  parallel  to  the  axis  of  elevation ;  on  each  side  of  which  they  are 
arranged  with  wonderful  regularity.  They  were  formed  in  very  recent 
geological  times,  probably  late  Pliocene  and  Quaternary,*  and  possibly 


*  Survey  of  the  Fortieth  Parallel,  vol.  i,  pp.  728-Y46. 

t  Le  Conte,  American  Journal  of  Science,  vol.  xvi,  p.  101,  1878. 

t  The  Kaibab  fold  and  fault  is  300  miles  long  with  a  slip  of  7,000  feet.  The  Jordan- 
Araba  fault,  which  gave  origin  to  the  Dead  Sea,  may  be  traced  350  miles  (Nat.,  44  p 
100,  1891). 

*  Dutton,  Geology  of  the  High  Plateaus,  p.  35. 
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reaching  even  into  tlie  present  epoch,  and  are  therefore  little  affected 
by  erosion.    Add  to  this  the  naked  ness  of  the  rocks  and  the  horizon- 


Fio.  204.— Section  through  Portion  of  Plateau  Region  of  Utah,  Bhowing  a  Succession  of  Faults 

(after  Uowell). 


Fig.  205.— Fault  with  Change  of  Dip:  d,  dike. 


tality  of  the  strata,  and  it  is  easy  to  see  what  an  admirable  field  is  here 
afforded  for  the  study  of  faults. 

If  such  slips  were  suddenly  produced  by  violent  convulsion,  then, 
at  the  time  of  formation,  there  must  have  been  a  steep  (Fig.  202)  or 
sometimes  even  an  overhanging  escarpment  (Fig.  200),  equal  to  the 
displacement.  In  some  cases  there  is  such  an  escarpment  or  line  of 
steep  mountain-slope   corresponding  to   the   line  of  slip.    In  the 

Colorado  Plateau  re- 
gion the  north  and 
south  cliffs  are  pro- 
duced by  faults 
(Powell).  TheZan- 
dia  Mountains,  New 
Mexico,  are  pro- 
duced by  a  drop  of  11,000  feet  on  the  western  side,  leaving  an  escarp- 
ment still  7,000  feet  high  (Gilbert).  The  precipitous  eastern  slope  of 
the  Sierra  and  western  slope  of  the  Wahsatch  are  the  result  of  faults. 
In  the  Basin  Kange  region  also  many  of  the  ridges  are  formed  by  faults. 
But  in  many  cases  there  is  no  such  escarpment,  the  two  sides  of  the 
fault  having  been  cut  down  to  one  level  by  subsequent  erosion,  so  that 
the  unpractised  eye  detects  nothing  unusual  along  the  line  of  fracture 
and  slip.    In  Fig.  202  the  strong  line 

a  a  shows  the  present  surface,  while  :•:•:/:;  /:;•/  :::;•;•/':•: r--.'^ 

the  dotted  line  bb  b  shows  the  surface 
after  the  displacement  as  it  would  be 
if  unaffected  by  erosion.  In  many 
cases,  however,  it  seems  more  probable 
that  there  never  existed  any  such  es- 
carpment as  represented  in  Fig.  202, 
but  that  the  displacement  was  pro- 
duced by  a  slow,  creeping  motion,  or 

else  by  a  succession  of  smaller  sudden  slips  probably  accompanied  with 
earthquakes  (p.  116),  and  thus  that  the  slipping  and  the  denudation 
have  gone  on  together  pari  passu.  In  Fig.  231,  on  page  266,  the 
upper  part  shows  the  great  Uintah  fault  restored,  while  the  lower  part 
shows  the  actual  condition  of  things  produced  by  erosion. 

When  faults  occur  in  inclined  outcropping  strata,  the  same  scries 
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Fig.  200.— Unconformity  on  Faulted  Strata. 
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of  strata  may  be  repeated  several  times,  as  in  Fig.  203.  In  such  a  case, 
the  observer  walking  over  the  surface  of  the  country  from  A  to  B 
might  suppose  here  a  series  of  nine  strata,  whereas  there  are  but  three 
strata,  a,  b,  c,  three  times  repeated.  Fig.  204  is  a  natural  section 
showing  this.  Sometimes  the  dip  of  the  strata  on  the  two  sides  of  a 
fault  are  not  parallel,  the  change  of  inclination  being  ellected  at  the 
time  of  the  displacement,  as  shown  in  Fig.  205.  Upon  the  eroded 
surface  of  such  dislocated  strata,  by  subsequent  subsidence,  other  strata 
may  be  unconformably  deposited  (Fig.  206). 

Law  of  Slip. — In  faults  the  plane  of  fracture  is  someiiines  vertical, 
but  much  more  generally  it  is  more  or  less  inclined.  The  inclination  is 
called  the  hade.    In  such  cases,  in  by  far  the  larger  number  of  great 


Fig.  207.— Section  across  Yarrow  Colliery,  showing  the  Law  of  Fault's  (after  De  la  Beche). 

faults,  the  strata  on  the  upper  side  (hanging  wall)  of  the  fracture  have 
dropped  down,  while  the  strata  on  the  lower  side  (foot-wall)  have  gone 
iip,  as  in  Figs.  207  and  208  and  nearly  all  the  previous  figures.  The 
fissure  hades  to  the  down  throw.  These  are  called  normal  faults.  In 
some  cases  of  strongly-folded  strata,  however,  the  hanging  wall  seems 
to  have  been  pushed  and  made  to  slide  upward  over  the  foot-wall  as  if 
by  powerful  horizontal  squeezing.  This  is  the  case  with  the  great  slip 
in  Southwestern  Virginia,  represented  in  Fig.  200.  These  are  called 
reverse  faults.  In  several  hundred  cases  of  great  fissures,  examined 
by  fhillips,  in  England,  nearly  all  followed  the  law  of  normal 
faults.*    Fig.  207  is  a  section  across  Yarrow  Colliery,  in  which  all 


JEast   

Fig.  808.— Section  of  Pahranagat  Range,  Nevada,  showing  the  Law  of  Faults  (after  Gilbert). 

the  slips  follow  this  law.  Of  the  numerous  slips  figured  by  Powell, 
Gilbert,  and  Howell,  as  occurring  in  the  Plateau  and  Basin  Range 
region,  nearly  all  follow  this  law.  Fig.  208  is  a  section  illustrating 
this  fact. 


ir 


*  Phillips's  Geology,  p.  36. 
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Explanation  of  the  Direction  of  Slipping.— Reverse  faults  are  nearly 
always  found  in  strongly-foldod  strata  sucli  as  characterize  the  struct- 
ure of  most  mountain  ranges,  and  are  evidently  formed  by  powerful 

lateral  ^;rcs«Mre  in 
the  act  of  mountain 
formation,  Tlie 
manner  in  which 
folds  are  pushed 
over  until  they  be- 
come reverse  faults 
is  shown  in  the  ac- 
companying figures 
(Fig.  209,  A,  B,  and 
O).  In  extreme  cases 
the  fault-plane  be- 
comes nearly  hori- 
zontal, G.  These 
are  called  thrust- 
planes* 

The  explanation 
of  normal  faults  is 
not  so  obvious.  In 
the  case  of  great 
faults  of  this  kind  the  explanation  is  probably  as  follows  :  Suppose  a 
portion  of  crust  lifted  by  intumescence  of  sub-crust  layer,  produced 
either  by  access  of  water  from  above  or  by  hydrostatic  pressure  trans- 


FlQ.  209.- 


-DiagraroB  showing  how  Reverse  Faults  are  formed  (after 
De  Margerie  and  Heim). 


FiQ.  210.— Diagrams  showing  how  Normal  Faults  are  probably  formed. 

ferred  from  a  subsiding  area  in  some  other  perhaps  distant  place. 
The  crust  would  be  broken  by  more  or  less  parallel  fissures  into  great 


*  Extreme  examples  of  thru3t-plancs,  such  as  those  in  the  Scottish  Highlands,  seem  to 
be  formed  in  a  rigid  crust  by  fracture  and  overriding  without  folding. 
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oblong  blocks  many  miles  in  extent.  Since  the  fissnres  are  usually 
more  or  less  inclined,  these  crust-blocks  would  be  either  rhomboidal 
or  wedge-shaped  (Fig.  310,  A).  As  the  crust  rose  into  an  arch  these 
blocks  would  separate  (Fig.  210,  B).  As  soon  as  the  tension  is  re- 
lieved by  escape  of  elastic  vapors  or  lava  or  both,  the  blocks  would 
readjust  themselves  by  gravity  into  new  positions.  In  doing  so  the 
rhomboidal  blocks  a  b  fg  would  tilt  over  on  the  overhanging  side  and 
heave  up  on  the  obtuse-angle  side,  producing  in  every  case  normal 
faults,  and  the  wedge-shaped  blocks  c  d  e  would  sink  bodily  lower  or 


FiQ.  211.— Sketch  section  through  Warner  and  Abert  Lakes,  S.  E.  Oregon  (after  Enssell):  W.  L., 
Warner  Lakef  A.  L.,  Alien  Lake;  C'/i.  V.,  Chemaiikan  Valley. 


float  bodily  higher  according  as  the  base  of  the  wedge  was  upward  or 
downward,  producing  again  in  every  case  normal  faults,  as  shown  in  Fig. 
210,  G.  The  result  of  such  readjustment  of  crust-blocks  is  admirably 
shown  on  a  large  scale  in  the  structure  of  the  Basin  region,  and  espe- 
cially in  Southeastern  Oregon  (Fig.  211).  The  fracturing  and  tilting 
here  have  been  so  recent  (beginning  of  Quaternary)  that  erosion  has 
had  little  effect  in  modifying  the  orographic  forms.  It  is  seen  that 
the  upheaved  side  of  every  crust-block  forms  a  mountain-ridge,  while 
the  dropped  side  forms  a  valley  on  which  drainage  waters  accumulate 
to  form  a  lake. 

Thus  where  fissures  are  formed  by  lateral  jjressure  or  crushing, 
reverse  faults  are  formed ;  but  where  they  are  formed  by  lateral 
tension  or  stretching,  normal  faults  are  formed.* 

Section  2. — Mineral  Veins. 

All  rocks,  but  especially  metamoriihic  rocks  in  mountain-regions, 
are  seamed  and  scarred  in  every  direction,  as  if  broken  and  again 
mended,  as  if  wounded  and  again  healed.  All  such  seams  and  scars,  of 
whatever  nature  and  by  whatever  process  formed,  are  often  called  by  the 
general  name  of  vems.  It  is  better,  however,  that  dikes  and  so-called 
granite-veins,  or  all  cases  of  fissures  filled  at  the  moment  of  formation 
by  igneous  injection,  should  be  separated  from  the  category  of  veins. 
True  veins,  then,  are  accumulations,  mostly  in  fissures,  of  certain 
mineral  matters  usually  in  a  purer  and  more  sparry  form  than  they 

*  Rcade  has  sho\vn  (Ori.^in  of  Mountains,  chap,  viii)  that  crust-blocks  formed  by  ten- 
sion and  resting  on  awy  kind  of  yiddinc)  foundalion,  whether  solid  or  liquid,  would  settle 
so  as  to  form  normal  faults.  It  is  probable,  therefore,  that  smaller  faults  of  this  kind 
may  be  formed  without  a  sub  crust  liquid. 
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exist  in  the  rocks.  The  accumulation  has  in  all  cases  taken  place  sub- 
sequently to  the  formation  of  the  fissures,  and  by  a  slow  process. 

Kinds. — Thus  limited,  veins  are  of  three  kinds:  Veins  of  segreya- 
tions,  veins  of  infiUratio7i,  and  great  fissure-veins.  These  three,  how- 
ever, graduate  into  each  other  in  such  wise  that  it  is  often  diflicult  to 
determine  to  which  we  must  refer  any  particular  case.  Some  writers 
make  many  other  kinds,  but  these  may  be  regarded  as  intermediate 
varieties. 

1.  Veins  of  Segregation. — In  these  the  vein-matter  does  not  differ 
greatly  from  the  inclosing  rock.  Such  are  the  irregular  lines  of 
granite  in  granite,  the  lines  differing  from  the  inclosiug  rock  only  in 
color  or  texture ;  also  irregular  veins  of  feldspar  in  granite  or  in 
gneiss.  Under  the  same  head  belong  also  the  irregular  streaks,  clouds, 
and  blotches,  so  common  in  marble.  In  these  casts  there  seems  to  be 
no  distinct  line  of  separation  between  the  vein  and  the  inclosing  rock 
— no  disti7ict  zvall  to  the  vein.  The  reason  is,  these  veins  are  not 
formed  by  the  filling  of  a  previously-existing  fissure,  but  by  the  segre- 
gation of  certain  materials,  in  certain  spots  and  along  certain  lines, 
from  the  general  mass  of  the  rock,  either  when  the  latter  was  in  plastic 
condition  from  heat  and  water,  or  else  by  means  of  percolating  water, 
somewhat  as  concretions  of  lime,  clay,  iron-ore,  and  flint,  are  formed  in 
the  strata  (p.  196). 

3.  Veins  of  Infiltration. — Metamorphic  rocks  have,  probably  in  all 
cases,  been  subjected  to  powerful  horizontal  pressui'e.  Besides  the 
wide  folds  into  which  such  rocks  are  thus  thrown  and  the  great 
fissures  thus  produced,  the  strata  are  often  broken  into  small  pieces  by 
means  of  the  squeezing  and  crushing.  The  small  fissures  thus  pro- 
duced are  often  filled  by  lateral  secretion  from  the  walls,  or  else  by 
slowly-percolating  waters  holding  in  solution  the  more  soluble  matters 
contained  in  the  rocks.  .  The  process  is  similar  to  the  filling  of  cavities 
left  by  imbedded  organisms  (p.  201),  and  still  more  to  the  filling  of 
vapor-blebs  in  traps  and  lavas,  and  the  formation  of  agates  and  car- 
nelian  amygdules  (p.  234).  In  veins  of  this  kind,  therefore,  a  beautiful 
ribbon-structure  is  often  produced  by  the  successive  deposition  of 
different-colored  matei-ials  on  the  walls  of  the  fissure.  Veins  of  this 
kind  also,  since  they  are  the  filling  of  a  previously-existiug  fissure, 
have  distinct  walls.  The  filling  consists  most  commonly  of  silica  or 
of  carbonate  of  lime.  Gash-veins  of  authors  are  probably  larger  veins 
of  this  kind. 

3.  Fissure -Veins. — These  are  fillings  of  the  great  fissures  produced 
by  movements  of  the  earth's  crust.  "When  these  fissures  are  filled  at 
the  time  of  formation  by  igneous  injection,  they  are  called  dikes  ;  but 
if  subsequently  with  mineral  matter,  by  a  different  process,  to  be  dis- 
cussed hereafter,  they  are  fissure-veins.    These  veins,  therefore,  like 
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dikes,  outcrop  over  the  surface  of  the  country  often  for  many  miles, 
fifty  or  more.  Like  dikes,  also,  they  are  often  many  yards  in  width, 
and  extend  to  unknown,  but  certainly  very  great,  depths.  Like  dikes 
and  fissures,  also,  they  occur  in  parallel  systems  and  are  often  faulted. 

Characteristics. — The  most  obvious  characteristics  of  the  veins  of 
this  class  are  their  size,  their  contimiity  for  great  distances  and  to 
great  depths,  their  faulted  condition,  and  their  occurrence  in  /^araZ/eZ 
systems.  As  the  vein  is  a  filling  of  a  previously-existing  fissure,  the 
distinction  between  the  vein  and  the  wall-rock  is  usually  quite 
marked.  In  many  cases,  in  fact,  the  vein-filling  is  separated  from  the 
wall-rock  by  a  layer  of  tenacious,  clayey  matter  called  a  selvage  or 
gouge.  The  selvage  is  probably  formed  by  decomposition  of  the  wall- 
rock  in  immediate  contact  with  the  vein,  by  circulating  water  assisted 
doubtless  by  crushing  of  the  rocks  by  repeated  movements  of  the 
walls.  These  movements  also  often  produce  a  striation  and  polishing 
of  the  walls,  called  sUcketi-sides."  The  contents  oi  fissure- veins  are 
also  far  more  varied  than  those  of  other  classes. 

Metalliferous  Veins. — Some  metals,  particularly  iron,  occur  prin- 
cipally in  great  beds,  being  accumulated  by  a  process  already  described 
(p.  150).  Others,  especially  lead,  often  accumulate  in  flat  cavities  be- 
tween the  strata,  especially  of  limestone.  But  most  metals  occur  in 
veins.  All  the  kinds  of  veins  mentioned  above  may  contain  metals, 
but  the  segregative  veins  are  usually  too  irregular  and  uncertain,  and 
the  infiltrative  veins  too  small,  to  be  profitable.  True,  profitable 
metalliferous  veins  are  almost  always  great  fissure-veins.  We  will 
speak,  therefore,  principally  of  these,  and  the  further  description  of 
fissure-veins  is  best  undertaken  under  this  head. 

Contents. — The  contents  of  metalliferous  veins  are  of  two  general 
kinds,  viz.,  vein-stitffs  and  ores.  The  principal  vein-stuffs  are  quartz, 
carbonate  of  lime  (calc-spar),  carbonate  of  baryta,  carbonate  of  iron, 
sulphate  of  baryta  (heavy  spar),  and  fluoride  of  calcium  (fluor-spar). 
By  far  the  most  common  of  these  is  quartz,  and  next  is  calc-spar. 
Often,  however,  the  vein-stuff  is  an  aggregate  of  minerals  forming  a 
true  rock.  Nearly  the  whole  of  a  vein  consists  usually  of  vein-stuff. 
The  ore  exists  in  comparatively  small  quantities,  sometimes  forming  a 
central  rib  or  sheet,  as  if  deposited  last  (Fig.  312,  a  h) ;  sometimes  in 
irregular  isolated  masses  called  bunches  or  pockets,  or  in  small  strings, 
or  grains,  irregularly  scattered  through  the  vein-stuff  and  extending 
often  a  little  way  into  the  wall-rock. 

The  chemical  forms  in  which  metals  occur  are  very  various;  some- 
times they  occur  as  pure  metal  (as  always  in  the  case  of  gold  and 
platinum,  and  sometimes  in  the  case  of  silver  and  copper),  but  more 
commonly  in  the  form  of  metallic  sulphides,  metallic  oxides,  and 
metallic  carbonates.    Of  these  the  metallic  sulphides  are  by  far  the 
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most  common.  It  is  worthy  of  remark  that  all  these  forms  are  com- 
paratively very  insoluble.    The  same  is  true  of  the  vein-stuffs. 

Ribboned  Structure.— The  ribboned  or  banded  structure,  already 
spoken  of  under  Veins  of  Infiltration,  is  very  commonly  found  in 
great  fissure-veins.  This  structure  is  as  characteristic  of  veins  as  the 
columnar  structure  is  of  dikes.  The  layers  on  the  two  sides  usually 
correspond  to  each  other  (Fig.  212) ;  sometimes  the  successive  layers 


Fig.  212.  Fm.  213.  Fig.  214. 


are  of  different  color,  giving  rise  to  a  beautiful,  striped  appearance. 
Sometimes  the  successive  layers  on  both  sides  are  of  different  materials, 
as  in  Fig.  213,  in  which  the  central  rib,  d,  is  galena,  and  aa,bi,cc, 
are  successive  layers  of  quartz,  fluor,  and  baryta.  Sometimes,  in  cases 
of  quartz-filling,  the  layers  are  agate,  except  the  center,  which  is  filled 
up  with  a  comb  of  interlocking  crystals,  as  in  Fig.  214.  The  same 
occurs  often  in  amygdules,  the  last  filling  being  crystalline.  Some- 
times there  is  evidence  of  successive  openings  and  fillings,  as  in  Fig. 
215,  where  a  represents  quartz-crystals,  interlocking  in  the  center  and 
based  on  agate  layers,  b  b,  while  c  represents  quartz  with  disseminated 
copper  pyrites.  In  this  case  it  seems  probable  that  1  and  2  were  the 
walls  when  the  agate  and  quartz-filling  took  place,  and  that  afterward 


the  fissure  was  reopened  along  2,  so  that  the  walls  became  2  and  3,  and 
the  new  fissure  thus  formed  was  filled  with  cupriferous  quartz.  The 
same  is  well  shown  in  Fig.  216,  where  a,  b,  c,  d,  e,  f,  are  successive 
quartz-combs,  separated  by  2,  3,  4,  5,  G,  which  are  clay  selvages,  and 
therefore  old  walls. 
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Irregularities. — Although  more  regular  than  other  kinds,  yet  fis- 
sure-veins are  also  often  quite  irregular — sometimes  branching,  some- 
times narrowing  or  pinching  out  in  some  parts  aiid  widening  in  others 
(Fig.  217),  sometimes  dividing  and  again  coming  together,  and  thus 
inclosing  a  portion  of  the  wall-rock  (Fig.  218).  Such  an  inclosed  mass 
of  country  rock  in  the  midst  of  a  vein  is  called  a  "horse."  Many  of 
these  irregularities  are  probably  the  result  of  movements  after  the  fis- 
sure was  formed,  or  even  after  it  was  filled.  Thus,  \l  ab  c  cl  (Fig.  217) 
be  one  wall  of  an  irregular  vein,  then  it  is  probable  that  a'  b'  c' d'  was 
the  original  position  of  this  wall;  but,  before  it  was  filled,  it  slipped 
up  to  its  present  position.  Or,  an  open  fissure  may  pinch  together  in 
places  by  what  is  called  creeping  of  the  strata  of  the  wall,  i.  e.,  a  mash- 
ing and  filling  in  by  pressure  of  superincumbent  weight.  Again, 
movements  may  reopen  a  fissure  after  it  is  filled.  In  such  cases,  if  the 
adhesion  of  the  filling  to  the  wall  is  strong,  portions  of  the  wall-rock 


Fig.  217.— Irregiilaritiea  in  Veins.  Fig.  218.— Irregularities  in  Veins. 


are  torn  away ;  and,  if  a  second  filling  takes  place,  a  "  horse  "  is  formed. 
Thus  aa  a  and  b  b  b  (Fig.  218)  represent  the  two  original  walls  of  an 
irregular  vein ;  but  subsequent  movement  reopened  the  fissure  to  b'  b'  b' 
and  tore  away  the  horse  ff,  after  which  the  vein  was  again  filled.  Also 
crust-movements  may  form  not  only  a  single  clean  fissure,  but  some- 
times many  small,  irregular  fractures,  with  wall-rock  between.  The 
filling  of  these  form  irregular  veins  in  which  vein-stuff  is  often  inex- 
tricably mingled  with  country  rock.  The  vein  may  thus  be  filled  with 
a  troop  of  horses.  Sometimes  there  is  no  distinct  fissure  but  only  a 
loosening  of  the  rock  along  a  certain  plane,  and  the  incipient  fissure 
thus  formed  is  filled  with  vein-matter.  Sometimes  repeated  movements 
break  up  the  rock  into  a  rubble-filled  fissure,  which  by  filling  form  a 
brecciated  vein.  Finally,  in  some  rocks,  especially  limestone,  percolat- 
ing waters  will  hollow  out  passages  in  the  most  irregular  way.  These 
also  may  become  filletl  with  vein-stuff  and  give  rise  to  irregular  veins. 
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Veins,  of  course,  usually  intersect  the  strata ;  but  in  some  cases 
where  strata-plains  are  highly  inclined  the  opening  is  between  these 
planes,  and  the  veins  are,  therefore,  conformable  with  them. 

Age. — The  relative  age  of  veins  in  the  same  region  is  determined 
in  the  same  way  as  that  of  dikes,  viz.,  by  the  manner  in  which  they 
intersect  each  other;  the  intersecting  vein  being,  of  course,  younger 
than  the  intersected  vein.    Thus  in  Fig.  219,  which  is  a  section  of  a 

hill-side  in  Cornwall,  it  is  evi- 
dent that  the  tin  vein,  a,  is  the 
oldest,  since  it  is  intei'sected 
and  slipped  by  all  the  others. 
The  copper  vein,  b,  is  older  than 
the  clay-filled  fissure,  c.  There 
is  a  fourth  fissure,  d,  newer  than 
a,  but  its  relation  to  b  and  c  is 
not  shown  in  this  section. 

The  absolute  age  of  fissure- 
veins,  or  the  geological  period 
in  which  the  fissure  was  formed, 
can  only  be  determined  by  the  stratified  rocks  through  which  it  breaks. 
The  lead-veins  of  Cornwall  {b  b.  Fig.  221)  break  through  the  Creta- 
ceous. Their  fissures  were  probably  formed  by  the  changes  or  oscilla- 
tions which  closed  the  Cretaceous  and  inaugurated  the  Tertiary  period. 
The  auriferous  veins  of  California  break  through  the  Jurassic;  and,  as 
there  are  good  reasons  for  believing  that  the  Sierras  were  formed  at  the 
end  of  the  Jurassic,  it  is  probable  that  these  fissures  were  formed  at 
that  time  by  the  foldings  of  the  strata  consequent  upon  the  pushing 
up  of  this  range.  The  filling,  of  course,  was  a  slow,  subsequent  opera- 
tion, but  commenced  then. 

Surface-Changes. — Mineral  veins  seldom  or  never  outcrop  on  the 
surface  in  the  condition  we  have  described  them.  On  the  contrar}^ 
there  are  certain  changes  which  they  undergo  through  the  influence  of 
atmospheric  agencies,  which  render  their  appearance  along  their  out- 
crop quite  different  from  that  of  the  same  vein  at  some  depth  below. 
A  knowledge  of  these  changes  is,  of  course,  of  the  greatest  practical 
importance.  They  are,  however,  extremely  various,  differing  not  only 
according  to  the  metallic  contents,  but  also  according  to  the  nature  of 
the  vein-stuffs,  and  therefore  must  be  learned  by  observation  in  each 
country.    We  will  give  three  of  the  most  coiistant  as  illustrations. 

Cupriferous  Veins. — The  original  form  in  which  copper  seems  to 
exist  in  veins  is  cQp2)er  p%jrites,  a  double  sulphide  of  copper  and  iron 
(OuFeSg).  Now,  along  the  back  or  outcrop  of  copper-veins,  to  a  depth 
of  thirty  to  sixty  feet,  the  vein  usually  contains  no  copper  at  all,  but 
consists  of  vein-stuff  (more  or  less  changed,  according  to  its  nature), 
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among  which  are  scattered  masses  of  a  dark  reddish  or  brownish  hy- 
drated  peroxide  of  iron,  in  a  lujht,  spongy  condition.  This  peculiar 
form  of  peroxide  of  iron,  so  characteristic  of  the  crop  of  copper-veins, 
is  called  by  the  Cornish  miners  gossan,  and  by  the  German  and  French 
miners  iron  hat  {eiserner  hut  j  chapeau  de  fer).*  Below  the  influence 
of  atmospheric  agencies  the  vein  is  in  its  original  condition,  i.  e.,  con- 
sists of  vein-stone  containing  disseminated  masses  of  copper  pyrites. 
Just  at  the  junction  of  the  changed  with  the  unchanged  vein — i.  e., 
running  along  the  back  of  the  vein  at  a  depth  varying  from  thirty  to 
sixty  feet — occur  rich  accumulations  of  copper,  as  native  copper,  red 
and  black  oxides  of  copper,  green  and  blue  carbonates  of  copper,  etc. 
These  facts  are  illustrated  by  Fig.  220,  which  is  a  section  of  the 
Ducktown  mines  of  Tennessee.  The  irregular  line,  s  s,  is  the  out- 
line of  a  hill,  along  the  crest  of  which  the  vein  outcrops ;  the  part 
b  consists  almost  wholly  of  gossan,  with  only  small  masses  of  quartz- 
vein  stufE ;  a  is  the  rich  accumulation  of  copper  ore,  here  about  two 
or  three  feet  thick ;  and  c  is  the  unchanged  vein,  consisting  of  vein- 
stufE,  inclosing  arsenical  pyrites,  and  copper  pyrites  in  very  large 
quantities. 

These  phenomena  may  be  explained  as  follows :  There  can  be  no 
doubt  that  the  gossan  represents  copper  pyrites,  from  which  the  copper 
has  been  entirely  washed  out,  leaving  the  iron  in  an  oxidized  condition. 
Thus  the  whole  of  the  copper 
from  b  (and  probably  from 
much  more  than  for  the  pro- 
cess of  denudation  has  gone  on 
pari  2)a.ssu  with  the  process  of 
leaching)  lias  been  leached  out 
and  accumulated  at  a.  Fur- 
ther, it  is  probable  that  the 
process  was  as  follows  :  When 
copper  pyrites  is  exposed  to 
moist  air  it  slowly  oxidizes 
into  sulphates  of  iron  and  cop- 
per (CuFeSs  +  80  =  FeS04  + 
CUSO4).  The  iron  sulphate 
(probably  assisted  by  reaction  with  alkaline  or  earthy  carbonates)  quickly 
passes  into  ferric  oxide  and  is  left  in  a  spongy  condition,  while  the 
copper  sulphate  is  carried  downward.  Tliis  much  seems  certain,  but, 
by  what  subsequent  process  the  copper  takes  all  the  forms  actually 
found  at  a,  is  little  understood,  although  it  is  probable  that  the  car- 


FiG.  220. — Ducktown  (Tennessee')  Copper  Vein,  show- 
ing Surface-Changes  (after  Safford). 


*  These  terms  are  applied  to  many  alteration-products  containing  iron,  but  they  are 
especially  conspicuous  in  copper  veins. 
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bonate  is  produced  by  the  reaction,  on  the  sulphate,  of  waters  contain- 
ing alkaline  carbonate  or  bicarbonate  of  lime.* 

Plumbiferous  Veins. — The  natural  or  original  form  in  which  lead 
occurs  in  veins  is  siolj^hide  of  lead,  or  galena.  But  along  the  backs  or 
outcrops  of  lead-veins  it  is  found  more  commonly  as  carbonate.  The 
explanation  seems  to  be  as  follows  :  Lead  occurs  mostly  in  veins  inter- 
secting, or  in  sheets  between,  strata  of  limestones.  It  is  probable  that 
the  galena  (PbS)  is  oxidized  by  meteoric  agencies  and  becomes  sulphate 
(PbS04),  and  then  the  sulphate,  by  reaction  with  the  carbonate  of  lime 
derived  from  the  wall-rock  or  from  the  calc-spar  of  the  vein-stuff,  be- 
comes carbonate,  thus:  PbSOj+CaCOs^PbCOa-j-CaSOi.  In  proof 
of  this  process  it  is  stated  f  that  galena,  thrown  out  of  the  old  mines  of 
Derbyshire  among  rubbish  of  limestone,  has  all,  in  the  course  of  ages, 
been  changed  into  carbonate.  Moreover,  it  is  not  uncommon  to  find 
in  lead  veins  masses  of  sulphide  changed  on  the  outside  into  carbonate. 

Auriferous  Quartz -Veins. — Gold  is  found  either  in  quartz-veins,  in- 
tersecting metamorpbic  slates  (quartz-mines)  or  in  gravel-drifts  in  the 
vicinity  of  these  (placer-mines).  Originally  it  existed  in  the  quartz- 
veins  usually  associated  with  metallic  sulphides,  particularly  the  sul- 
pliide  of  iron  (pyrites).  If  the  pyrites  be  dissolved  in  nitric  acid,  the 
gold  is  left  as  minute  threads  and  crystals.  Evidently,  therefore,  it  ex- 
ists in  minute  threads  and  crystals  scattered  through  the  pyrites.  Now, 
when  such  a  vein  is  exposed  to  meteoric  agencies,  the  pyrites  is  oxi- 
dized, partly  as  soluble  sulphate,  and  carried  away,  and  partly  as  in- 
soluble reddish  peroxide,  which  remains.  J  The  quartz-vein  stone  is, 
therefore,  left  in  a  honey-comb  condition  by  the  removal  of  the  pyrites, 
and  more  commonly  stained  of  a  rusty  color  by  the  peroxide.  Among 
the  cells  of  this  rusty  cellular  quartz  the  gold  is  found  in  minute, 
sharp  grains,  evidently  left  by  the  removal  of  the  pyrites.  Hence,  in 
an  auriferous  quartz-vein,  along  the  outcrop  to  a  depth  of  thirty  to 
sixty  feet  (i.  e.,  as  far  as  meteoric  agencies  extend)  gold  is  found  free 
in  small  grains  among  the  cellular  quartz ;  but  below  the  reach  of 
these  agencies  it  is  inclosed  in  the  undecomposed  pyrites. 

Placer  Mines. — If  a  mountain-slope,  along  which  outcrop  auriferous 
quartz-veins,  be  subjected  to  powerful  erosion  by  water-currents,  then 
in  the  stream-beds  will  be  found  gravel-drifts,  composed  partly  of  the 
country  rock  and  partly  of  the  quartz  vein-stone.  Among  the  gravel 
will  be  found  particles  of  gold,  washed  out  from  the  upper  parts  of 


*  Biscbof,  Chemical  and  Physical  Geography,  vol.  iii,  p.  609. 
f  De  la  Bechc,  Geological  Observer,  p.  794. 

X  Probably  the  iron  sulphide  is  oxidized  to  the  condition  of  sulphate,  then  reduced  to 
carbonate  by  water  containing  alkaline  ciirbonate  or  bicarbonate  of  lime,  and  lastly  per- 
oxidized  by  exchanging  carbonic  aeid  for  oxygen  (Bischof). 
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the  veins.  By  the  sorting  power  of  wuter  the  heavy  gold  particles  are 
apt  to  accumulate  mostly  near  the  bed  of  the  gravel-deposit  (bed-rock). 
These  gravel-deposits  are  the  pincers.  In  these,  the  gold-particles,  like 
the  stone-fragments,  are  always  roimded  and  worn  by  attrition. 

Some  Important  Laws  affecting  the  Occ%irrence  and  the  Richness  of 

Metalliferous  Veins. 

1.  Metalliferous  veins  occur  mostly  in  disturbed  and  highly-meta- 
morphic  regions,  where  the  strata  are  tilted,  and  folded,  and  metamor- 
phosed. The  tilting  and  folding  are  necessary  to  the  formation  of 
fissures ;  and  the  conditions  under  which  metamorphism  takes  place 
seem  necessary  for  the  subsequent  filling  with  mineral  matter.  Mineral 
veins,  therefore,  occur  mostly  in  inountain  regions.,  and  in  the  vicinity 
of  more  or  less  obvious  evidences  of  igneous  agency.  Lead-veins  seem 
to  be  an  exception  to  this  rule.  They  are  often  found  in  undisturbed 
regions  where  the  rocks  are  entirely  unchanged.  The  rich  lead-mines 
of  Illinois,  Iowa,  and  Missouri,  are  notable  examples,  the  country  rock 
being  horizontal,  fossiliferous  limestones  of  the  Palaeozoic  era. 

2.  Metalliferous  veins  occur  mostly  in  the  older  rocks.  In  Great 
Britain,  for  example,  no  pi'ofitable  veins  occur  above  the  Trias.  This 
rule,  which  was  regarded  as  of  great  importance  by  the  older  geologists, 
is  not  so  regarded  now.  There  seems  to  be  no  close  connection  be- 
tween the  occurrence  of  metalliferous  veins  and  simple  age  alone;  the 
connection  is  rather  with  metamorphism.  Metamorphism,  as  we  have 
seen  (p.  228),  is  most  common  in  the  older  rocks,  and  becomes  more 
and  more  exceptional  as  we  pass  upward.  The  occurrence  of  metal- 
liferous veins  follows  the  same  law.  But  when  the  newer  rocks  are 
metamorphic,  they  are  as  likely  to  contain  veins  as  are  rocks  of  the 
older  series.  The  metalliferous  veins  of  California  occur  in  Jurassic, 
Cretaceous,  and  even  Tertiary  strata ;  but  these  strata  are  there  highly 
metamorphic,  and  strongly  folded.  In  Bohemia,  also,  and  elsewhere, 
metalliferous  veins  occur  in  the  higher  series  (Phillips's  Geology, 
p.  549). 

3.  Parallel  veins  are  apt  to  have  similar  metallic  contents,  while 
veins  running  in  different  directions  (unless  sometimes  at  right  angles) 
are  apt  to  contain  different  metallic  contents.  Thus,  the  nearly  east- 
and-wesfc  lodes  of  Cornwall,  a  a  a  and  c  c  (Fig.  221),  contain  tin  and 
copper,  while  the  north-and-south  courses,  b  b,  contain  lead  and  iron. 
The  auriferous  veins  of  California  are  parallel  to  each  other  and  to  the 
Sierras,  except  a  few  smaller  ones,  wbich  are  at  right  angles  to  these. 
The  reason  of  this  rule  is,  that  parallel  fissures  belong  to  the  same 
system,  and  were  therefore  formed  at  the  same  time,  broke  through 
the  same  strata,  and  were  filled  under  similar  conditions,  and  therefore 
with  the  same  material ;  while  fissures  running  in  different  directions 
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(unless  in  some  cases  at  right  angles,  p.  337)  were  probably  formed  at 
dilTeront  times,  broke  through  dilferent  strata,  and  were  filled  under 
dill'crent  conditions.  Thus,  the  cast-and-west  veins  of  Cornwall,  a  «, 
are  pretriassic ;  the  north-east  and  south-west  veins,  c  c,  break  through 
the  Trias,  and  are  therefore  post-triassic,*  while  the  north-and-south 
veins  break  through  the  Cretaceous.   The  auriferous  veins  of  California 


Pig.  321.— Map  of  Cornwall:  a  and  c,  tin  and  copper;  5,  lead  and  iron. 


all  break  through  the  Jurassic ;  they,  or  their  fissures,  were  probably 
produced  at  the  same  time,  viz.,  at  the  time  of  pushing  up  of  the  Sierras. 

4.  A  change  of  country  rock  of  an  outcropping  vein  is  apt  to 
determine  some  change,  either  in  the  contents  or  in  the  richness  of 
the  vein.  Nevertheless,  there  is  not  that  close  connection  between  the 
nature  of  the  country  rock  and  the  vein-contents  which  obtains  in  in- 
filtrative veins.  The  reason  is,  that  infiltrative  veins  derive  their  con- 
tents entirely  from  the  wall-rock  on  either  side,  while  fissure-veins 
derive  their  contents  from  all  the  strata  through  which  they  break, 
even  to  great  depths,  and  especially  from  the  deeper  strata.  The 
nature  of  the  surface  or  country  rock  is,  therefore,  only  one  factor, 
determining  the  vein-contents. 

5.  Metallic  veins  are  usually  richer  near  their  point  of  intersection 
with  granite  or  with  an  igneous  dike,  especially  if  the  strata  have 
suffered  metamorphism.  This  shows  the  influence  of  such  heat  as  is 
present  in  metamorphism,  in  determining  the  metallic  contents. 

6.  If  two  veins  cross  each  other,  especially  if  at  small  angle,  one  or 
both  are  apt  to  be  richer  at  the  point  of  crossing.  No  sufficient 
reason  has  been  given  for  this  law.  It  is  probably  due  to  the  reaction 
of  waters  bearing  different  materials  circulating  in  the  two  fissures. 


*  De  la  Beclie,  Geological  Observer,  p.  767. 
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7.  Since  veins  are  the  fillings  of  fissures,  they  are  often  slipped  by 
each  other  or  by  dikes  or  by  simple  unfilled  fissures.  If  a  metalliferous 
vein  is  thus  slipped,  according  to  the  law  of  slips  already  given  (p.  241) 
the  foot- wall  of  the  vein  has  usually  gone  upward,  and  the  hanging 
wall  dropped  downward.  The  great  importance  of  this  law  in  practical 
mining  is  sufficiently  obvious.  All  the  slips  of  Fig.  219,  except  that 
made  by  the  fissure  c,  follow  this  law. 

8.  The  surface-indications  are  to  be  learned  by  attentive  observa- 
tion in  each  case.  We  have  already  given  these  in  the  case  of  copper, 
lead,  and  gold. 

Theory  of  the  Origin  of  Metalliferous  Veins. 

Our  knowledge  of  the  conditions  under  which,  and  the  chemical 
process  by  which,  fissures  have  been  filled  with  mineral  matter,  is  yet, 
unfortunately,  very  imperfect.  Many  vague  and  crude  theories  have 
been  proposed.  Some  have  supposed  that  they  have  been  filled  in  the 
manner  of  dikes  and  granite  veins,  by  igneous  injection ;  others,  that 
these  fissures,  opening  below  into  the  regions  of  incandescent  heat, 
have  been  filled  by  sublimation,  i.  e.,  by  vaporization  of  certain 
materials  and  their  condensation  in  the  fissures  above.  Some  suppose 
that  electric  currents,  such  as  are  known  by  observation  to  traverse 
certain  veins,  have  been  the  chief  agents  in  the  transference  and  ac- 
cumulation of  the  mineral  matter.  These  three  theories  may  be  dis- 
missed as  being  untenable  or  else  as  too  hypothetical.  Still  others 
have  thought  that  great  fissures  have  filled  in  the  same  manner  as  the 
smaller  fissures,  and  cavities  of  every  kind  found  in  the  rocks,  viz.,  by 
infiltration  of  soluble  matters  from  the  fissured  rocks.  There  is  cer- 
tainly considerable  analogy  between  small  infiltrative  veins  and  great 
fissure-veins  in  their  mode  of  formation ;  yet  there  is  a  decided  differ- 
ence. The  fillings  of  infiltrative  veins  are  derived,  in  each  part, 
entirely  from  the  bounding  rock  on  either  side.  The  fissure  is  filled 
by  a  lateral  secretion  from  its  walls ;  the  broken  rocks  heal  themselves 
"by  first  intention"  by  means  of  a  plasma  oozing  from  the  sides. 
But  great  fissure-veins  derive  their  contents  in  each  part  from  all  the 
strata  to  great  depths,  and  especially  from  the  deeper  strata.  Hence 
the  contents  of  these  veins  are  far  more  varied. 

Outline  of  the  Most  Probable  Theory.— The  contents  of  mineral 
veins  seem  to  have  been  deposited  from  hot  alkaline  solutions  coming 
up  through  fissures;  in  other  words,  from  hot  alkaline  springs.  We 
will  attempt  to  show  this  first  for  the  vein-stv.ffs,  especially  quartz,  and 
then  for  the  metallic  ores,  especially  the  metallic  sulphides. 

Veln-StufFs. — 1.  They  were  deposited  from  solutions,  {a)  The 
ribhon-structiire  and  the  interlocked  crystals  (Pigs.  212-21G)  suggest 
at  once  successive  deposition  from  solution,  especially  as  a  similar 
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stracturo  occurs  in  the  fillings  of  cavities  of  all  kinds,  which  could 
not  have  been  filled  in  any  other  way.  {b)  Quartz  is  by  far  the  most 
common  of  all  vein-stuft's.  Now,  as  already  explained  (p.  233),  there 
are  two  varieties  of  silica — one  having  a  specific  gravity  of  2*2,  the 
other  2'6.  The  dry  way  produces  only  silica-glass,  which  has  a 
specific  gravity  of  2-2,  while  the  variety  of  specific  gravity  2-6,  or  true 
quartz,  can  not  be  formed  except  by  the  humid  way.*  In  fact,  this 
variety,  as  far  as  we  know,  is  always  produced  by  slow  deposition  from 
solution.  Now,  the  quartz  of  veins  is  always  the  variety  2-6,  and  there- 
fore was  produced  by  slow  deposit  from  solution.  The  beautiful  crys- 
tals so  often  found  in  veins  could  be  produced  in  no  other  way.  (c) 
We  have  already  seen  (p.  233)  that  flicicl  cavities  are  a  proof  of  forma- 
tion by  humid  process.  Now,  such  fluid  cavities  are  especially  abun- 
dant in  vein-stuffs  generally.  They  are  best  seen  in  quartz-vein  stuffs, 
because  of  their  transparency,  (d)  Not  only  quartz  but  many  other 
minerals  found  among  veiu-stulis  are  of  such  nature  that  it  is  difficult 
or  impossible  to  understaiid  how  they  could  have  been  formed  except 
by  the  humid  way,  as  they  will  not  stand  fusing  temperature. 

2.  The  solutions  were  hot.  (a)  Fissures  running  deep  into  the 
interior  of  the  earth  could  hardly  remain  empty  of  water.  But  from 
their  great  depth  the  contained  waters  must  be  hot.  The  solvent 
power  of  water,  when  heated  to  high  temperature  under  pressure,  is 
well  known.  Scarcely  any  substance  wholly  resists  it.  (i)  The  f  uid 
cavities  found  in  quartz  and  other  vein-stuffs  are  not  usually  entirely 
filled,  but  contain  a  small  vacuous  space.  Such  a  vacuous  space  indi- 
cates (p.  234)  that  the  inclosed  liquid  was  at  high  temperature  at  the 
time  of  being  inclosed,  and  has  since  contracted  on  cooling.  By  heat- 
ing the  mineral  until  the  cavity  fills  and  the  vacuous  space  disappears, 
we  ascertain  the  temperature  of  deposit.  Now,  by  this  process  the 
temperature  of  deposit  of  vein-minerals  has  been  ascertained  to  vary 
from  ordinary  temperatures  even  up  300°  and  350°. f  (c)  The  in- 
variable association  of  metalliferous  veins  with  raetamorphism  demon- 
strates the  agency  of  heat. 

3.  The  solutions  were  alkaline.  Alkaline  carbonates  and  alkaline 
sulphides  are  the  only  natural  solvents  of  quartz,  the  commonest  of 
vein-stuffs.  Moreover,  when  these  waters  contain  excess  of  carbonic 
acid,  as  is  almost  always  the  case,  they  dissolve  also  the  carbonates  of 
lime,  baryta,  iron,  etc.,  the  next  most  common  forms  of  vein-stuffs. 
In  California  and  Nevada  such  hot  alkaline  carbonate  and  alkaline 
sulphide  springs  abound,  and  are  daily  depositing  silica  (quartz) 


*  Recently  under  peculiar  conditions  crystallized  quartz  of  specific  gravity  2-6  has 
been  formed  by  dry  fusion. — American  Journal  of  Science,  vol.  xvi,  p.  155,  1878. 
t  Sorby,  Quarterly  Journal  of  the  Geological  Society,  vol.  xiv,  p.  458  cl  scq. 
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and  carbonates  of  lime  and  of  iron,  and  oven  in  some  cases  filling 
tissuros. 

Metallic  Ores. — There  seems  no  reason  to  doubt,  then,  that,  in  most 
cases  at  least,  vein-stuffs  have  been  deposited  from  hot  alkaline  solu- 
tions. Now,  it  is  evident,  from  their  intimate  association  with  the  vein- 
stuffs,  that  the  metallic  ores  must  have  been  dejDOsited  from  the  same 
solution.  The  exact  nature  of  the  solvent  and  the  chemical  reaction 
is  still  very  doubtful.  We  may  imaojine  many,  by  either  of  which  the 
deposit  might  take  place :  1.  Metallic  sulphides  are  by  far  the  most 
common  form  of  ore,  and  even  when  other  forms  exist  we  may  in  many 
cases  trace  them  to  sulphide  as  their  original  form  (p.  248  et  seq.).  But 
metallic  sulphides  are  slightly  soluble  in  alkaline  sulphides,  and  these 
latter  are  often  found  associated  with  alkaline  carbonates  in  hot  springs 
(solfataras),  as  in  California  and  elsewhere.  Such  waters  would  hold 
in  solution  silica,  carbonates  of  lime,  etc.,  and  metallic  sulphides,  and, 
coming  up  through  fissures,  would  deposit  them  both  iy  cooling  and  by 
relief  of  pressure.  Or,  2.  Alkaline  carbonate  waters  holding  in  solu- 
tion silica  and  lime  carbonate  for  vein-stone,  and  also  containing  alka- 
line sulphide,  meeting  and  mingling  in  the  same  fissure  with  other  waters 
containing  metallic  sulphates,  by  reaction  would  precipitate  metallic 
sulphides  (N'aS+MaS04=NaS04-)-MS).  This  seems  to  be  the  reaction 
by  which  the  inky  waters  of  some  of  the  hot  springs  of  the  California 
geysers  are  formed.  Or,  3.  The  alkaline  carbonates  still  remaining  for 
vein-stone,  metallic  sulphates.,  in  solution  in  the  same  waters  with 
organic  matter.,  would  be  reduced  to  the  form  of  metallic  sulphide, 
which,  being  insoluble,  would  be  deposited.*  Or,  4.  Alkaline  sulphide 
waters  holding  metallic  sulphides  and  organic  matters  in  solution — the 
acids  of  organic  decomposition  (humus  acids)  would  neutralize  the 
alkalinity  and  deposit  the  metallic  sulphide.  For  greater  clearness  we 
annex  a  table  expressing  these  processes  : 

1.  Alk.S  +  MS  ia  sol"  deposit  MS  by  cooling. 

2.  Alk.S-fMSOi  meeting  "   MS  "  reaction. 

3.  MS04-t-org"  maf         "   MS  "  reduction.-\ 

4.  Alk.  S  -1-  MS  -I-  org"  mafinsol"  deposit  MS  by  neutralisation. 

There  are  many  difficulties  in  the  way  of  every  attempt  to  place 
these  reactions  in  a  clear  and  distinct  form,  but  in  spite  of  these  diffi- 

*  It  might  at  first  seem  that  there  is  a  chemical  difficulty  iu  this  case — that  metallic 
sulphate  can  not  coexist  in  solution  with  alkaline  carbonate,  but  would  be  precipitated  as 
metallic  carbonate.  But  it  is  evident  that  this  reaction  would  not  take  place  in  a  weak 
metallic  solution,  in  the  presence  of  excess  of  carbonic  acid,  since  in  this  case  the  metallic 
carbonate  is  soluble. 

\  Francis  C.  Phillips  has  shown  that  powdered  AgS  reduced  by  H  at  high  tempera- 
ture takes  the  form  of  interlaced  threads.  Now,  it  is  a  curious  fact  that  both  gold  and 
silver  are  often  found  iu  the  form  of  threads. 


Alk.COs-hHCOa-f  \ 
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culties  thoro  seems  little  reason  to  doubt  that  great  fissures  have  been 
filled  by  deposit  from  hot  alkaline  waters  holding  various  mineral  sub- 
tauces  in  solution.  The  more  insoluOle  substances  are  deposited  in  the 
vein,  while  the  more  soluble  reach  the  surface  as  mineral  springs. 

This  view  is  powerfully  supported  by  the  phenomena  of  hot  alka- 
line springs  in  California  and  Nevada.  The  Steamboat  Springs,  near 
Virginia  City,  Nevada  (so  called  from  the  periodic  eruption  of  hot 
water  and  steam),  come  up  through  fissures  in  comparatively  recent 
volcanic  rock.  The  waters  are  strongly  alkaline,  and  deposit  silica  in 
abundance.  By  this  deposit  the  fissures  are  gradually  filling  up  and 
forming  veins.  Some  fissures  are  now  partially  and  some  entirely  filled. 
The  ribbon-structure  in  some  cases  is  perfect.  Moreover,  sulphides  of 
several  of  the  metals,  viz.,  iron,  lead,  mercury,  copper,  and  zinc,  have 
been  found  in  the  quartz- vein  stuff.  Here,  then,  we  have  true  metallif- 
erous veins  forming  under  our  very  eyes.*  So  also  at  Sulphur  Bank, 
Lake  County,  California,  hot  alkaline  sulphide  waters,f  coming  up  from 
beneath,  deposit  both  silica  and  cinnabar  in  small,  irregular  fissures 
and  cavities,  forming  quartz-veins  containing  cinnabar.  The  deposit 
is  so  recent  that  the  silica  is  sometimes  still  in  a  soft,  hydrated  con- 
dition, which  cuts  like  cheese.  J 

After  this  general  discussion  of  the  theory  of  metalliferous  veins, 
we  are  now  in  position  to  state  more  clearly  their  mode  of  formation. 
Meteoric  waters,  circulating  in  the  interior  of  the  earth  in  any  direc- 
tion— downward,  upward,  or  laterally — deposit  slightly  soluble  matters 
in  their  course,  in  cracks,  cavities,  or  great  fissures,  forming  fossil  casts, 
geodes,  amygdules,  infiltration- veins,  and  fissure- veins.  As  to  direction^ 
the  up-coming  waters,  especially  in  metamorphic  and  volcanic  regions, 
deposit  most  freely,  and  are  most  metalliferous,  because  they  are  hot  and 
often  alkaline,  and  therefore  most  powerful  solvents,  and,  of  course,  cool 
gradually  on  approaching  the  surface.  But  that  downward  percolating 
waters  may  also  deposit  metallic  ores  is  proved  by  the  fact  that  these 
are  sometimes  found  depending,  like  stalactites,  from  the  roofs  of  cavi- 
ties.* As  to  the  different  hinds  of  veins,  those  of  great  fissures  are 
most  prolific,  because  these  fissures  are  the  highways  of  water  from 
the  heated  depths.  But  every  kind  of  water-way  will  receive  deposits; 
and,  as  the  kinds  of  these  are  infinitely  various  and  pass  by  insensible 
gradations  into  each  other,  so  also  will  be  the  veins  which  fill  them. 
The  open  fissure  is  the  easiest  and  therefore  the  most  traveled  high- 

*  Arthur  Phillips,  American  Journal  of  Science,  vol.  xlvii,  p.  194;  and  Philosophical 
Magazine,  1872,  vol.  xlii,  p.  401. 

f  The  water  in  this  mine  is  176°  Fahr. — Becker. 

X  Le  Conte,  American  Journal  of  Science,  vol.  sxiv,  p.  23,  1882. 

»  Schmidt,  American  Journal  of  Science,  vol.  xxi,  p.  502,  1881.  Chamberlain's 
Geology  of  Wisconsin,  vol.  iii,  p.  495. 
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way.  In  these,  therefore,  we  have  the  most  typical  veins,  with  their 
banded  structure  and  their  selvages,  their  great  size  and  continuity. 
But  in  many  cases  crust-movements  produce  only  incipient  fissures, 
1.  e.,  a  loosening  of  the  rock-cohesion,  along  planes  affected  with  a 
multitude  of  small  cracks,  with  country  rock  between.  These  loosened 
planes  become  also  water-ways,  and,  by  deposit,  form  those  irregular 
veins  so  common  everywhere,  but  especially  in  the  cinnabar-veins  of 
California.  Or,  again,  crust-movements  may  produce  not  clean  open 
fissures,  but  rather  planes  of  shattered  rock  or  rubble-filled  fissures. 
Deposit  in  such  a  water-way  forms  a  breccia  of  country  rock,  cemented 
with  vein-stuff  or  brecciated  veins.  Or,  again,  in  certain  country  rocks 
soluble  in  water,  especially  limestones,  the  rock  is  dissolved  along  the 
water-way,  and  the  vein-stufE  deposited  pari  passu,  giving  rise  to  what 
are  called  substitution-veins.  In  short,  once  conceive  clearly  that 
mineral  veins  are  filled  water-ways,  and  all  these  complex  phenomena 
solve  themselves.  Even  porous  rocks  like  sandstones,  because  of  their 
porosity,  become  the  depositaries  of  vein-stuff,  though  not  in  paying 
quantities,  except  along  lines  or  planes  where  water-transit  is  more 
easy  and  abundant.  Examples  of  such  deposits  are  found  in  the  silver- 
bearing  and  copper-bearing  sandstones  of  Utah  and  New  Mexico.* 

Thus  there  seems  no  longer  any  room  for  doubt  that  metalliferous 
veins  are  deposits  from  solutions  in  water-ways  of  any  kind,  but  mostly 
from  hot  alkaline  solutions  coming  up  through  great  fissures.  It  is 
only  the  exact  chemical  reaction  which  is  yet  obscure.  The  work  of 
the  geologist  is  all  but  complete ;  the  problem  must  now  be  turned 
over  to  the  chemist.  It  may  be  interesting,  however,  before  leaving 
this  subject,  to  consider  separately  the  auriferous  veins  of  California, 
and  apply  to  them  the  principles  set  forth  above. 

Auriferous  Veins  of  California. — Gold  is  one  of  the  most  insoluble 
of  substances,  and  the  occurrence  of  this  metal  in  veins  has  always 
been  regarded  as  a  difficulty  in  the  way  of  the  solution  theory.  The 
only  free  solvent  of  gold  is  a  solution  of  free  chlorine ;  but  this  does 
not  exist  in  Nature.  Nevertheless,  gold  is  known  to  be  slightly  solu- 
ble in  the  salts,  especially  the  persalts  of  iron.  It  is  also  quite  soluble 
as  gold  sulphide  in  alkaline  sulphides.  It  is  probable,  therefore,  that 
the  usual  solvents  of  gold  are  iron  sulphates,  and  especially  alkaline 
sulphides.  There  is  also  a  silicate  of  gold,  which,  according  to  Bischof, 
is  slightly  soluble  under  certain  conditions. 

There  is  abundant  evidence  that  the  auriferous  quartz-veins  of  Cali- 
fornia have  been  deposited  from  hot  solutions.  These  veins  exhibit  in 
many  cases  the  characteristic  ribbon-structure.  They  exhibit  also  the 
water-cavities  characteristic  of  deposits  from  solutions,  and  the  vacuous 


*  Cazin,  Newberry,  etc.,  Report  on  Naciraiento  Copper-Mines  of  New  Mexico. 
18 
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spaces,  indicating  that  the  solutions  were  hot.  By  actual  experiment  * 
the  temperatures  at  which  the  vacuous  spaces  disappear,  and  therefore 
at  which  the  deposit  took  place,  have  been  ascertained— being  180°, 
212°,  350°  F.,  and  even  more.  Again,  there  can  be  no  doubt  that 
the  associated  metallic  sulphides  were  deposited  from  the  same  solu- 
tions as  the  vein-stuffs,  for  they  are  completely  inclosed  in  the  latter. 
But  the  gold,  as  already  stated  (p.  250),  exists  as  minute  crystals  and 
threads  of  metal  inclosed  in  the  stdphide  of  iron,  and  must  tlierefore 
have  been  deposited  from  the  same  solution  as  the  iron.  It  seems 
possible  that  the  gold  was  dissolved  in  a  solution  of  sulphate  of  iron, 
and  that  the  sulphate  was  deoxidized,  and  became  insoluble  sulphide 
and  precipitated ;  and  that  the  gold  thus  set  free  from  solution  was 
entangled  in  the  sulphide  at  the  moment  of  the  precipitation  of  the 
latter.  Or  else,  and  more  probably,  the  gold  was  dissolved  as  sulphide 
along  with  iron  sulphide  in  an  alkaline  sulphide  solution  and  deposited 
by  reactions  1  or  4  given  on  page  255,  the  gold,  on  account  of  its  feeble 
affinities,  giving  up  its  sulphur  at  the  moment  of  its  deposit.f 

There  are  some  phenomena  connected  with  the  occurrence  of  gold 
in  the  iron  sulphides  of  the  deep  placers  which  seem  to  prove  the  truth 
of  this  view.;];    The  deep  placers  of  California  are  gravel-drifts  in  an- 


FiG.  222. — Section  across  Table  Mountain,  Tuolnmne  County,  California:  L,  lava;  G,  gravel;  S  S, 
slate;  JR,  old  river-bed;  M',  present  river-bed. 

cient  river-beds,  covered  up  by  lava-flows  100  to  200  feet  thick.  These 
placers  are  worked  by  running  tunnels  beneath  the  basaltic  lava  until 
the  river-gravel  is  reached.  Now,  the  waters  percolating  through  these 
lava-flows  and  reaching  the  subjacent  gravels  are  charged  loifh  alkali 
from  the  lava.  These  alkaline  waters  are  also  chai'ged  with  silica 
from  the  same  source.  Hence,  the  drift-tvood  of  these  ancient  rivers 
has  all  been  silicified  by  these  siliceous  waters.  The  gravels  are  also  in 
many  places  cemented  by  the  same  material.  The^e  percolating  waters 
have  evidently  also  contained  irori ;  for  in  contact  with  the  silicified 
wood  is  often  found  iron  sulphide.  There  are  two  ways,  in  either  of 
which  we  may  imagine  the  gold  to  have  been  deposited.  It  may  have 
been  in  solution  in  the  iron  sulphate  ;  or  else,  along  with  the  iron  in 

*  Arthur  Phillips,  ibid. 

+  Gold  is  Rohihle  in  .sodium  sulphide,  probably  as  gold  sulphide. — Becker. 
I  Arthur  Phillip.*,  ibid. 


THEORY  OF  THE  ORIGIN  OF  METALLIFEROUS  VEINS. 


259 


alkaline  sulphide.  Following  out  the  process  on  the  first  supposition, 
while  the  wood  decayed  it  was  partly  replaced  by  silica  and  partly  by 
iron  sulphide  produced  by  deoxidatiou  of  the  sulphate  by  organic  mat- 
ter (p.  200).  The  gravel  has  also  in  some  places  been  cemented  by 
iron  sulphide  reduced  from  solution  in  a  similar  way.  Now,  both  in 
this  petrifying  and  in  this  cementing  sulphide  of  iron  is  found  (by  so- 
lution in  nitric  acid)  gold:  sometimes  in  rounded  grains,  smCl  there- 
fore simply  inclosed  drift-gold  ;  but  also  sometimes  in  minute  crystals 
and  threads,  exactly  as  in  the  sulphide  of  the  undecomposed  quartz- 
vein.  Evidently,  this  gold  has  been  deposited  from  a  solution  of  sul- 
phate of  iron  at  the  moment  of  the  reduction  of  the  latter  to  a  sul- 
phide. The  process  was  probably  as  follows :  Percolating  water  oxi- 
dized iron  sulphide  and  took  it  into  solution  as  sulphate.  This  solu- 
tion coming  in  contact  with  drift-goX^X  dissolved  it,  but,  subsequently, 
coming  in  contact  with  decaying  organic  matter,  was  again  deoxidized 
and  deposited  as  sulphide ;  and  the  gold  crystallizing  at  the  same  mo- 
ment is  inclosed.*  Or  following  out  the  process  on  the  second  suppo- 
sition, gold  sulphide  in  solution  in  alkaline  sulphide,  coming  in  contact 
with  decaying  wood,  would  be  deposited  by  neutralization  of  the  alkali 
along  with  other  metallic  sulphides  present  and  be  entangled  with  them. 
But,  on  account  of  its  feeble  affinities,  the  gold  would  give  up  its  sul- 
phur either  to  the  alkaline  sulphide  or  to  the  sulphide  of  iron  and  be 
deposited  in  a  metallic  form.  Now,  a  similar  reaction  would  take  place 
in  a  fissure,  and  form  a  gold-bearing  vein.  In  fact,  the  sub-lava  gravels 
may  be  regarded  as  a  horizontal  water-way  or  fissux'e  with  its  walls 
through  which  water  circulates  and  deposits. 

Suppose,  then,  we  have  hot  water  containing  alkaline  carbonate  and 
alkaline  sulphide,  holding  in  solution  silica  and  metallic  sulphides, 
among  them  gold  sulphide,  and  coming  upward  through  a  fissure.  By 
any  of  the  reactions  on  page  255,  e.  g.,  by  cooling,  silica  would  deposit 
as  quartz  vein-stufE  and  the  gold  would  deposit  with  other  metallic 
sulphides,  giving  up,  however,  its  sulphur  in  the  act  of  deposition,  as 
before  explained.  If  the  alkaline  waters  contained  no  other  metallic 
sulphide  but  gold  sulphide,  then  the  gold,  giving  up  its  sulphur  to  the 
alkaline  sulphide,  would  be  found  in  form  of  metallic  gold  inclosed  in 
the  quartz  vein-stulf. 

Illustrations  of  the  Law  of  Circulation. — We  have  said  that  the 
iron  sulphate  comes  from  oxidation  of  sulphide,  but  also  the  sulphide 
from  the  deoxidation  of  the  sulphate.  This  is  only  another  e.xample 
of  a  perpetual  cycle  of  changes.  Again,  the  gold  in  the  veins  is  leached 
from  the  strata  ;  the  strata  doubtless  received  it  from  the  sea,  for  small 
quantities  of  gold  have  been  detected  in  sea-water  ;  but,  again,  doubt- 
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less  the  sea  received  it  from  the  rocks,  and  this  brings  us  to  another 
perpetual  cycle  of  changes. 

But  in  the  midst  of  all  these  changes  there  has  evidently  been  an 
increasing  concentration  and  availability  of  gold  and  other  metals.  In 
the  strata  the  quantity  is  so  small  as  to  be  ujidetectable ;  it  is  thence 
carried  and  concentrated  in  veins  in  a  more  available  form;  it  is  next 
set  free  along  the  backs  of  these  veins  in  a  still  more  available  form  ; 
it  is  last  carried  down  by  currents  along  with  other  materials,  neatly 
sorted,  and  deposited  in  placers  in  a  form  the  most  available  of  all. 

Section  3. — Mountains  :  their  Origin  and  Structure. 

Mountains  are  often  regarded  as  types  of  permanence.  We  speak  of 
the  everlasting  hills.  The  first  lesson  taught  by  geology  is  that  all 
things,  even  the  most  stable,  are  slowly  changing.  In  this  section  we 
treat  of  the  origin,  growth,  maturity,  decay,  and  death — in  a  word,  the 
whole  life-history  of  mountains. 

Mountains  are  the  glory  of  our  earth,  the  culminating  points  of  its 
scenic  grandeur  and  beauty.  But  few  recognize  the  fact  that  they 
are  so,  only  because  they  are  also  the  culminating  points,  the  theatres 
of  greatest  activity,  of  all  geological  agencies.  The  study  of  mountains 
is  therefore  of  absorbing  interest  not  only  to  the  poet. and  painter,  but 
also  and  especially  to  the  geologist,  because  it  furnishes  the  key  to 
many  of  the  obscurest  problems  of  dynamical  geology. 

But  we  are  met  at  the  very  threshold  of  the  subject  by  a  difficulty 
arising  from  the  loose  use  of  the  term  mountain.  This  term  is  used 
for  every  conspicuous  elevation  above  the  general  level  of  the  surround- 
ing country,  whatever  may  be  its  dimensions  or  its  mode  of  origin. 
Thus  we  apply  it  to  a  whole  system  of  ranges,  such  as  the  Kocky- 
Mountain  system,  or  the  Andes,  or  the  Himalayas ;  or  to  each  compo- 
nent range  of  such  a  system,  such  as  the  Sierra  or  the  Wahsatch  ;  or  to 
each  prominent  peak  on  such  a  range,  as,  for  example,  Moiuit  Lyell, 
Mount  Dana,  or  Mount  Shasta.  It  is  necessary,  therefore,  first  of  all, 
that  we  should  define  what  we  are  going  to  discuss. 

Definitions  of  Terms. — A  Mountain- System  is  a  great  complex  of 
more  or  less  parallel  ranges  in  the  same  general  region  but  born  at 
different  times  (polygenetic).  It  is  a  family  of  mountains.  In  the 
Rocky-Mountain  system,  or,  as  it  is  better  called,  the  North  American 
Cordilleras,  we  have  the  Colorado  range  (Front  range),  the  Wahsatch 
range,  the  Basin  ranges,  the  Sierra  range,  and  several  others.  Simi- 
larly the  Andes  and  Himalayas  consist  of  several  ranges. 

A  Mountain- Range  is  a  single  mountain-individual  produced  by 
one  birth-throe  (monogenetic),  although  both  the  origin  and  the  subse- 
quent growth  is  a  slow  process.  The  Sierra,  the  Wahsatch,  the  Uinta, 
and  the  Colorado  Mountains  are  good  examples. 
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A  Mountain- Bidge  is  a  siibordiuate  part  of  a  range,  produced  either 
by  separate  folds  made  at  the  same  time,  or  by  faulting,  or  by  erosion. 
The  Blue  Ridge,  tlie  Alleghany,  and  the  Cumberland  Mountains  are 
examples  in  the  Appalachian  range.  The  parallel  folds  of  the  Jura 
range — seen  in  cross-section  in  Fig.  227 — are  probably  the  best  ex- 
amples. 

On  mountain-ridges  there  are  always  prominent  points  which  are 
called  Peaks,  whether  formed  by  volcanic  ejections  like  Mount  Shasta 
or  Mount  Ranier,  or  by  erosion  like  Mount  Dana  or  Mount  Lyell. 

Mountain-systems  are  separated  by  great  interior  Continerital  basins 
like  the  Mississippi-river  basin.  Ranges  are  separated  by  great  inte- 
rior valleys,  like  Sacramento  and  San  Joaquin  Valley,  separating  the 
Sierra  from  the  Coast  range.  Ridges  are  separated  by  longitudinal 
mountain-valleys,  while  the  transverse  valleys  which  trench  the  flanks 
of  ranges  or  ridges  head  in  \h%  passes  which  separate  \X\q  peaks. 

Such  is  the  simplest  idea  of  mountain  form,  partially  realized  in 
some  cases.  But,  to  an  observer  looking  down  from  a  high  peak,  a 
mountain-range  often  seems  to  be  made  up  of  an  inextricable  tangle  of 
ridges  running  and  peaks  standing  in  every  conceivable  direction. 

Now,  a  scientific  discussion  of  mountains  is  really  a  discussion  of 
ranges  or  mountain  individuals.  For,  on  the  one  hand,  a  mountain- 
system  is  only  a  multiplication  of  such  individuals  belonging  to  the 
same  family,  and  therefore  adds  no  new  element  to  the  discussion  ;  and, 
on  the  other,  mountain  ridges  and  peaks  belong,  mainly  at  least,  to  the 
category  of  mountain  sculpture,  not  of  mountain  formation,  and  there- 
fore are  discussed  later. 

Greater  Inequalities  of  the  Earth- Surface. — The  inequalities  of  the 
earth-surface,  as  already  explained  (page  174),  are  of  two  general  kinds, 
the  greater  and  the  lesser.  The  latter  belong  to  sculpture,  and  will  be 
taken  up  later.  Of  the  former  there  are  two  orders  of  greatness,  viz., 
those  constituting  land-masses  and  oceanic  basins,  and  those  consti- 
tuting mountain-ranges  and  intervening  valleys.  We  have  already  dis- 
cussed the  former ;  we  now  take  up  the  latter. 

Mountain  Origin. 

Leaving  aside  for  the  present  all  disputed  points,  it  is  now  univers- 
ally admitted  that  mountains  are  not  usually  pushed  up  by  a  vertical 
force  from  beneath,  as  once  supposed,  but  are  formed  wholly  by  lateral 
pressure.  The  earth's  crust  along  certain  lines  is  crushed  together  by 
lateral  or  horizontal  pressure  and  rises  into  a  mountain-range  along  the 
hue  of  yielding,  and  to  a  height  proportionate  to  the  amount  of  mash- 
ing. But  the  yielding  is  not  by  rising  into  a  hollow  arch,  nor  into  such 
an  arch  filled  beneath  with  liquid  (for  in  neither  case  could  the  arch 
support  itself),  but  by  a  mashing  together  and  in  thickening  and 
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crumpliug  of  the  strata  and  an  upswelling  of  tlie  whole  mass  along  the 
line  of  greatest  yielding.  That  this  is  the  immediate  or  proximate 
cause  of  the  origin  or  elevation  of  mountains  is  plainly  shown  by  their 
structure.  As  to  the  ultimate  cause^ — i.  e.,  the  cause  of  the  enormous 
lateral  pressure — this  lies  still  in  the  field  of  discussion.  We  shall  dis- 
cuss it  briefly  in  its  proper  place. 


Mountain  Structure. 

A  mountain-range,  then,  may  be  regarded  as  a  mass  of  enormously 
thick  strata  crushed  together  laterally  and  swelled  up  along  the  line  of 

crushing.     "We  have 

 ^   said  that  this  mode  of 

4  ~ .  origin  is  revealed  in 
I  ^  -n^i^  ^  its  structure.  We  can 
 ^  -"^^'^'mm-   l^ggl;  make  this  plain 

by  an  experiment. 
Suppose,  then,  we 
place,  one  atop  anoth- 
er, several  layers  of 
any  plastic  substance, 
such  as  wax,  so  as  to 
make  together  a  pris- 
matic mass,  as  represented  in  section  in  Fig.  223,  A,  and  the  whole 
resting  on  a  smooth  oiled  slab  of  glass  or  steel,  so  that  there  shall  be 
no  friction  or  adhesion.  Suppose,  further,  that  very  gentle  heat  be 
applied  beneath  along  the  middle  line,  so  as  to  soften  slightly  this  part. 
Of  course,  such  softening  would  be  greatest  at  the  bottom,  and  become 
less  and  less  upward ;  also  greatest  along  the  middle  line,  and  become 


Fig.  223. 


Fio.  224.— Ideal  Section  across  the  Uintah  Mountains  (after  Powell). 


less  and  less  outward.  This  is  represented  in  the.  figure  by  the  shad- 
ing and  in  nature  by  the  metamorphic  softening,  of  which  we  will 
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speak  later.  Suppose,  now,  we  place  a  board  on  each  side  of  the  pris- 
matic mass,  and  press  gradually  together.    All  the  layers  will  be 


Fig.  225.— Section  of  Uintah  Range,  showing  Fault. 

thickened  and  folded,  and  the  whole  mass  swelled  up  along  the  central 
line  into  something  like  Fig.  223,  B.  We  have  in  miniature  both  the 
structure  and  the  mode 
of  formation  of  a  moun- 
tain-range. In  a  simi- 
lar way,  but  on  a  larger 
scale,  all  great  moun- 
tain-ranges seem  to  have 
been  formed. 

There  would  be  in 
the  experiment,  and 
much  more  would  we 
expect  in  Nature,  some  variety  in  the  result  depending  upon  the  soft- 
ness or  stiffness  of  the  strata.  This  it  is  that  gives  rise  to  different 
types  of  mountains.  Sometimes  the  whole  mass  rises  as  one  great  fold 
(Fig.  224).    We  have  an  example  of  this  in  the  Uintah  range,  only 


Fig.  326. — Ideal  Section  of  Jura  if  unaffected  by  Erosion. 


Fig.  227.— Section  of  Jura  as  modified  by  Erosion. 

that  the  fold  has  broken  down  on  one  side,  forming  a  great  fault 
(Fig.  225).  Sometimes  and  oftener  there  are  produced  several  ojM^i 
folds  like  great  earth- waves  (Fig.  226).    This  is  the  case  in  the  Jura 


Fig.  828. — Section  of  Coast  Range,  showing  Plication  by  Horizontal  Pressure. 

(Fig.  227).  Sometimes,  and  oftenest  of  all,  there  are  produced  many 
closely  appressed  folds,  as  in  the  experiment  (Fig.  223,  B).    This  is  the 


B  3    ^  f  ^ 

Fig.  239.— Generalized  and  Simplified  Section  of  the  Appalachian  Chain. 
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case  in  the  Coast  Range  of  California  (Fig.  228),  or  in  the  Appa- 
lachian  (Fig.  229).  Sometimes  the  mashing  is  so  extreme  tliat  the 
sides  are  driven  in  under  the  swollen  central  parts,  so  that  the  strata 
are  often  reversed.  This  gives  rise  to  the  fan-structures  found  in 
many  mountains,  but  conspicuously  in  the  Alps  (Fig.  230)  and  in  the 
Pyrenees. 

Proof  of  Elevation  hy  Lateral  Pressure  alone:  1.  Folding. — It  is 
evident  tliat  foldings  such  as  those  represented  in  all  the  above  figures, 
and  which  occur  in  nearly  all  mountains,  can  not  be  produced  except 
by  lateral  pressure,  and  are  therefore  proof  of  such  pressure.  But, 
moreover,  it  can  be  shown  that,  when  we  take  into  consideration  the 
immense  thickness  of  mountain  strata  and  the  degree  of  folding,  lateral 
pressure  is  sufficient  to  account  for  the  whole  elevation,  without  calling 
in  the  aid  of  any  upward  pushing  from  beneath.  For  example,  the 
Coast  Range  of  California  (Fig.  228)  is  composed  of  at  least  five  anti- 
clines and  corresponding  synclines.*    If  its  folded  strata  were  spread 


Pig.  230. — Section  of  a  portion  of  the  Alps. 


out  horizontally  in  the  position  of  the  original  sediments,  they  would 
undoubtedly  cover  double  the  space.  Now,  supposing  the  strata  here 
are  only  10,000  feet  thick — a  very  moderate  estimate — in  mashing  to 
one  half  the  extent,  they  would  be  thickened  to  20,000  feet,  which 
would  be  a  clear  elevation  of  10,000  feet  if  they  had  not  been  subse- 
quently eroded.  According  to  Renevier,f  a  section  of  the  Alps  reveals 
seven  anticlines  and  corresponding  synclines,  and  some  of  these  are 
complete  over-folds  (Fig.  230).  We  are  safe  in  saying  that  Alpine 
strata  have  been  mashed  horizontally  into  one  half  their  original  ex- 
tent.J  Supposing  these  were  originally  30,000  feet  thick  (they  were 
really  much  thicker),  this  would  make  a  clear  elevation  of  30,000  feet. 
Of  course,  most  of  this  has  been  cut  away  by  erosion.    In  tlie  Appa- 

*  American  Journal  of  Science,  vol.  ii,  p.  297,  1876. 
f  Archives  dos  Sciences,  vol.  lix,  p.  5,  1877. 
X  IJeini.,  Arch.,  vol.  kiv,  p.  122,  1878. 
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lachian  range,  according  to  Claypole,*  the  foldings  are  so  extreme  that 
in  one  phice  05  miles  of  original  extent  have  been  mashed  into  10 
miles,  or  six  into  one,  and  yet  the  Appalachian  strata  are  estimated  as 
40,000  feet  thick.  Cases  of  still  greater  doubling  of  strata  upon  them- 
selves occur.  In  the  Highlands  of  Scotland  the  strata  by  lateral  thrust 
were  broken  and  slidden  one  o\ev  another  for  ten  7niles.\  In  the  Cana- 
dian Rocky  Mountains  there  is  an  overthrust  of  seven  miles,  by  which 
the  Cambrian  is  made  to  override  the  Cretaceous,  and  50  miles  of  strata 
are  mashed  into  25  miles  (McConnell).I  In  the  Appalachians  of 
Georgia  the  Rome  fault  is  an  overthrust  which  brings  the  Cambrian  in 
contact  with  the  Carboniferous  and  the  fault  under  different  names 
may  be  traced  northward  for  275  miles ;  and  in  the  Cartersville  thrust- 
fault  there  is  an  overriding  of  11  miles  (Hayes).*  The  manner  in 
which  this  was  done  is  illustrated  on  a  previous  page  (Fig.  209).  Evi- 
dently, then,  the  whole  height  of  the  mountains  mentioned  above  is 
due  to  lateral  crusMng  alone. 

2.  Slaty  Cleavage. — But  there  is  another  phenomenon  associated 
with  mountains  which  furnishes  additional  proof,  if  any  be  necessary, 
viz.,  slaty  cleavage.  This  is  not  so  universal  a  phenomenon  as  folding, 
because  the  materials  of  strata  are  not  always  suitable  for  developing 
this  structure ;  but  where  it  occurs  its  evidence  is  equally  convincing. 
We  have  already  seen  (p.  191)  that  this  structure  is  always  produced 
by  mashing  together  horizontally  and  extension  vertically.  We  have 
also  seen  that  in  every  case  of  well-developed  cleavage  the  whole  rock- 
mass  has  been  mashed  horizontally  three  parts  into  one,  and  swelled  up 
vertically  one  part  into  three.  Now,  again,  considering  the  thickness 
of  mountain  strata,  this  is  suflScient  to  account  for  the  highest  moun- 
tains in  the  world.  It  is  true  we  often  find  slaty  cleavage  where  there 
are  noio  no  mountains.  In  such  cases  the  elevation  produced  by  the 
mashing  has  been  swept  away  by  erosion.  We  find  only  the  bones  of 
the  extinct  mountains. 

It  was  once  supposed  that  mountains  were  pushed  np  from  below 
by  a  vertically  acting  force.  Hence  came  the  word  upheaval  as  a23plied 
to  mountains.  The  word  is  still  used ;  and  there  is  no  objection  to  its 
use,  if  it  be  borne  in  mind  that,  in  mountains  of  the  structure  given 
above,  the  force  of  upheaval  is  not  vertical  but  lateral. 

Modifications  of  the  Simple  Ideal  given  above. — Thus  far,  in  order 
to  get  a  clear  idea  of  the  process  and  the  result,  we  have  described 
mountains  in  their  simplest  form,  and  as  similar  in  process  of  formation 


*  American  Naturalist,  vol,  xix,  p.  267,  1885. 
f  Geike,  Nature,  vol.  xxix,  p.  31,  1884. 

X  Gcol.  Surv.  of  Canada,  p.  33,  1886. 

#  Bull.  Gcol.  Soc.  of  Am.,  vol.  ii,  pp.  144  and  147,  1891. 
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and  result  to  the  experiment  shown  in  Fig.  223.  But  in  fact  the  final 
result  in  Nature  is  complicated  in  many  ways.  Some  of  these  complica- 
tions are  shown  in  the  foregoing  figures  of  actual  mountains,  and  have 
been  anticipated  in  their  descriptions.  It  is  necessary  now  to  discuss 
these  more  fully  : 

1.  By  Fracture  and  Slipping.— U  is  obviously  impossible  that  such 
violent  foldings  of  the  strata  should  take  place  without  frequent  fract- 
ure and  slipping  of  the  broken  parts.    These  fractures  and  faults  were 


PxQ.  231.— Uintah  Mountains:  Upper  Part  restored,  showing  Fault;  Lower  Part  showing  the  Pres- 
ent Condition  as  produced  by  Erosion  (after  Powell). 

produced  at  the  time  of  origin,  or  else  during  the  growth  of  the  range. 
If  the  mountains  are  very  old,  erosion  has  long  since  cut  down  the 
inequalities  thus  produced  ;  but  if  the  mountains  are  recent,  they  may 
still  form  conspicuous  orographic  features.  In  Fig.  231  the  lower  part 
shows  the  Uintah  Mountains  as  they  are,  and  the  upper  part  shows  the 
same  as  they  would  be  if  the  eroded  strata  were  restored.  In  more 
complex  mountains  the  fracturing  and  faulting  are  also  more  complex. 
Fig.  232  shows  the  result  of  an  actual  experimental  crushing  of  vari- 
ously-colored layers  of  clay. 

2.  By  3Ietamorphism. — We  have  said  that  mountain  strata  are  often 
of  enormous  thickness.  We  shall  give  abundant  proof  of  this  here- 
after. But  we 
have  also  seen  (p. 
231  et  seq.)  that 
the  accumulation 
of  sediments  to 
great  thickness 

Vui.  i;33.— Layers  of  Clay  folded  by  Lateral  Pressure  (after  Favre).        will  produCC  a  riSO 

of     the  isogeo- 

thcrms — an  invasion  of  the  sediments  with  their  included  water  by  the 
interior  heat,  and  a  consequent  hydrothermal  softening  or  incomplete 
hydrothermal  fusion  of  the  lower  parts  of  such  accumulations.  Now 
we  find  that  mountain  strata  are  nearly  always  more  or  less  meta- 
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morphic  in  their  lower  parts.  Thus  every  great  mountain-range  has 
a  metamorphic  core.  This  is  represented  in  the  experimental  figure 
(Fig.  233)  by  the  shading. 


FiQ.  233.— Ideal  Section  of  a  Mountain-Range. 


3.  By  Subseqiient  Erosion. — The  modifications  thus  far  spoken  of 
were  produced  at  the  time  of  preparation  or  else  in  the  origin  and 
growth  of  the  mountain,  and  therefore  belong  to  the  category  of  moun- 
tain formation.  But  so  soon  as  the  mountain  begins  to  rise,  it  begins 
to  be  sculptured  by  erosion ;  and  when  we  remember  that,  on  account 
of  their  great  elevation  and  steep  slopes,  mountains  must  be  the  thea- 
tres of  the  greatest  activity  of  erosion,  it  is  evident  that  the  meta- 
morphic core  will  often  be  exposed  by  erosion  along  the  crests.  Thus 
the  typical  structure  of  a  great  mountain-range  is  that  of  a  metamor- 
phic or  granitic  axis  emerging  along  the  crest  and  flanked  on  each  side 
by  strata  corresponding  to  one  another.  It  was  formerly  supposed 
that  the  granitic  axis  was  pushed  up  from  below,  breaking  through  the 
strata  and  appearing  above  them.  But  it  is  far  more  probable  that  the 
so-called  granitic  axis  is  only  the  metamorphic  core  formed  as  already 
explained,  and  exposed  by  subse- 
quent erosion.  Fig.  233  is  an  ideal 
of  a  mountain-range  on  this  view. 
In  this  case  the  core  is  only  meta- 
morphic ;  and  remnants  of  un- 
changed strata,  caught  up  and  left 

among  the  folds  of  the  crests,  show  that  these  strata  once  extended 
over  the  top,  and  that  the  metamorphic  axis  is  exposed  only  by 
erosion.  Only  carry  the  metamorphism  a  step  further  and  the 
erosion  a  little  deeper,  and  we  have  the  granitic  axis  complete 
(Fig.  2.34). 

Mountains  are  made  out  of  Lines  of  Thick  Sediments. — But  the 

question  occurs.  What  determines  the  place  of  a  mountain-range  ? 
The  answer  is,  A  mountain-range  while  in  preparation — before  it  be- 
came a  range — was  a  line  of  very  thick  sediments.  This  is  a  very  im- 
portant point  in  the  theory  of  mountain  origin,  and  therefore  must  be 
proved.  The  strata  of  all  mountains,  where  it  is  possible  to  measure 
them,  are  found  to  be  of  enormous  thickness.  The  strata  involved  in 
the  folded  structure  of  the  Appalachian,  according  to  Hall,  are  40,000 
feet  thick ;  the  strata  exposed  in  the  structure  of  the  Wahsatch,  ac- 
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cording  to  King*  are  more  than  50,000  feet  thick;  the  Cretaceous 
strata  of  the  Coast  Range,  near  the  Bay  of  San  Francisco,  according  to 
Whitney,!  are  30,000  feet  thiclc  ;  and  if  we  add  to  this  10,000  feet  for 
the  Eocene  and  Miocene  strata,  the  whole  thickness  is  probably  not 
less  than  30,000  feet,  while  the  Cretaceous  alone  in  Northern  Califor- 
nia, according  to  Diller,  is  30,000  feet.|  The  Alpine  geologists  esti- 
mate the  thickness  of  the  strata  involved  in  the  intricate  structure  of 
the  Alps  as  50,000  feet.*  The  strata  of  Uintah,  according  to  Powell, 
are  32,000  feet  thick. 

Now,  it  must  not  be  imagined  that  these  numbers  merely  represent 
the  general  thickness  of  the  stratified  crust ;  only,  that  in  these  places 
the  strata  are  turned  up  and  their  edges  exposed  by  erosion,  and  thus 
their  thickness  revealed.  On  the  contrary,  it  may  be  shown  that  the 
same  strata  are  much  thinner  elsewhere.  The  same  strata  which  along 
the  Appalachian  range  are  40,000  feet  thick,  when  traced  westward 
thin  out  to  4,000  feet  at  the  Mississippi  River.  The  same  strata  which 
along  the  line  of  the  Wahsatch  are  30,000  feet  thick,  when  traced  east- 
ward thin  out  to  2,000  feet  in  the  region  of  the  Plains.  ||  It  is  evident, 
therefore,  that  mountain-ranges  are  lines  of  exceptionally  thick  strata. 

Mountain-Ranges  were  once  Marginal  Sea-Bottoms. — Where,  then, 
do  seaiments  now  accumulate  in  greatest  thickness?  Evidently  on 
marginal  sea-bottoms,  off  the  coasts  of  continents.  The  greater  part 
of  the  washings  of  continents  are  deposited  within  30  miles  of  shore, 
and  the  Avhole  usually  within  100  miles.  From  this  line  of  thickest 
and  coarsest  deposit  the  sediments  grow  thinner  and  finer  as  we  go  sea- 
ward. But  evidently  such  enormous  thicknesses  as  40,000  feet  can  not 
accumulate  in  the  same  place  wWiout  pari  passic  s%ihsidence  such  as  we 
know  takes  place  now  whenever  exceptionally  abundant  sedimentation 
is  going  on  (p.  145).  Therefore,  mountain-rayiges  before  they  locre  yet 
born — while  still  in  preparation  as  embryos  in  the  womb  of  the  ocean 
— were  lines  of  thick  off-sliore  deposits  gradually  subsiding,  and  thus 
ever  renewing  the  conditions  of  continuous  deposit. 

As  this  is  a  very  important  point,  it  is  necessary  to  stop  here  awhile 
in  order  to  show  that  such  was  actually  the  fact  in  the  case  of  all  the 
principal  ranges  of  the  American  Continent — i.  e.,  that  for  a  long  time 
before  they  were  actually  formed,  the  places  which  they  now  occupy 
were  marginal  sea-bottoms  receiving  abundant  sediments  from  an  ad- 
jacent continent.    We  shall  be  compelled  here  to  anticipate  some  things 


*  Fortieth  Parallel  Survey,  vol.  iii,  p.  451. 
t  Whitney,  on  Mouiitain-Huilding. 

X  Amcricnn  Jotirnal  of  Science,  vol.  xl,  p.  476,  1890. 

*  Jucld,  Volcanoes,  p.  295. 

|j  King,  Fortieth  Par.illel  Survey,  vol.  i,  p.  122. 
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that  belong  to  Part  III,  but  we  hope  to  make  statements  so  general 
that  there  will  be  no  difficulty  in  understanding  them. 

1.  Appalachian. — The  history  of  this  range  is  briefly  as  follows : 
At  the  beginning  of  the  Pala30zoic  era  thei-e  was  a  great  V-shaped 
land-mass,  occupying  the  regioi\  now  covered  by  Labrador  and  Canada, 
then  turning  northwestward  from  Lake  Superior  and  extending  perhaps 
to  polar  regions  about  the  mouth  of  Mackenzie  Eiver.  This  is  shown 
on  map.  Fig.  269,  on  page  303.  There  was  another  great  land-mass 
occupying  the  present  place  of  the  eastern  slope  of  the  Blue  Eidge  and 
extending  eastward  probably  far  beyond  the  present  limits  of  the  con- 
tinent— as  shown  in  the  same  figure  by  dotted  line  in  the  Atlantic 
Ocean.  The  western  coast-line  of  this  land-mass  was  the  present  place 
of  the  Blue  Ridge.  Westward  of  this  line  extended  a  great  ocean — 
"  the  interior  Palaeozoic  Sea."  The  Appalachian  range  west  of  the 
Blue  Eidge  was  then  the  marginal  loitom  of  that  sea.  During  the 
whole  of  the  Cambrian,  Silurian,  and  Devonian,  this  shore-line  re- 
mained nearly  in  the  same  place,  although  there  was  probably  a  slow 
transference  westward.  Meanwhile,  throughout  this  immense  period  of 
time,  the  washings  from  the  land-mass  eastward  accumulated  along 
the  shore-line,  until  30,000  feet  of  thickness  was  attained.  At  the  end 
of  the  Devonian  some  considerable  changes  of  physical  geography  of 
this  region  took  place,  which  we  will  explain  when  we  come  to  treat  of 
the  history  of  this  period.  Suffice  it  to  say  now  that  during  the  Carbon- 
iferous the  region  of  the  Appalachian  was  sometimes  above  the  sea  as  a 

I  coal-swamp,  and  sometimes  below,  but  all  the  time  receiving  sediment 
until  9,000  or  10,000  feet  more  of  thickness  was  added,  and  the  aggre- 
gate thickness  became  40,000  feet.  Of  course,  it  is  impossible  that 
such  thickness  could  accumulate  on  the  same  spot  vi\i\\o\xi pari passto 
subsidence  of  the  sea-floor.  In  fact,  we  have  abundant  evidence  of 
comparatively  shallow  water  at  eve]-y  step  of  the  process — evidence 
sometimes  in  the  character  of  the  fossils,  sometimes  in  the  form  of 
shore-marks  of  all  kinds,  sometimes  in  the  form  of  seams  of  coal,  show- 
ing even  swamp-land  conditions.    Again,  of  course,  the  sediments  were 

I  thickest  and  coarsest  near  the  shore-line,  and  thinned  out  and  became 
finer  toward  the  open  sea,  i.  e.,  westward.  Finally,  after  40,000  feet  of 
sediments  had  accumulated  along  this  line  the  earth-crust  in  this  re- 
gion gave  way  to  the  lateral  pressure,  and  the  sediments  were  mashed 
together  and  folded  and  swollen  up  into  the  Appalachian  range.  Sub- 
sequent erosion  has  sculptured  it  into  the  forms  of  scenic  beauty  which 
we  find  there  to-day. 

3.  Sierra. — This  was  apparently  the  first-lorn  of  the  Cordilleran 
family.  Its  history  is  as  follows:  During  the  whole  Palceozoic  and 
earlier  part  of  the  Mesozoic,  there  was  in  the  Basin  region  a  land-mass, 
whose  form  and  dimensions  we  yet  imperfectly  know,  but  Avhose  Pacific 
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shore-liue  was  east  of  the  Sierra.  The  Sierra  region  was  therefore  at 
thut  time  the  marginal  bottom  of  the  Pacific  Ocean.  Probably  the 
])osition  of  this  shore  line  changed  considerably  at  the  end  of  the 
Palaeozoic.  The  extent  of  this  change  we  will  discuss  hereafter.  Suf- 
fice it  to  say  now  that,  during  the  whole  of  this  time,  the  Sierra  region 
received  sediments  from  this  land-mass  until  an  enormous  thickness 
(how  much  we  do  not  know,  because  the  foldings  are  too  complex  to 
allow  of  estimate)  was  accumulated.  At  last  at  the  end  of  the  Jurassic, 
the  sea-floor  gave  way  to  tlie  increasing  lateral  pressure  along  the  line 
of  thickest  sediments,  and  these  latter  were  crushed  together  with 
complex  foldings  and  swollen  up  into  the  Sierra.  An  almost  incon- 
ceivable subsequent  erosion  has  sculptured  it  into  the  forms  of  beauty 
and  grandeur  which  characterize  its  magnificent  scenery. 

3.  Coast  Range. — The  birth  of  the  Sierra  transferred  the  Pacific 
shore-line  westward,  and  the  waves  now  washed  against  the  western 
foot  of  that  range,  or  possibly  even  farther  westward  in  the  region  of 
the  Sacramento  and  San  Joaquin  plains.  At  this  time,  therefore,  the 
region  of  the  Coast  Eange  was  the  marginal  bottom  of  the  Pacific  Ocean. 
During  the  whole  Cretaceous,  Eocene,  and  Miocene,  this  region  re- 
ceived abundant  sediments  from  the  now  greatly  enlarged  continental 
mass  to  the  eastward ;  until  finally,  at  the  end  of  the  Miocene,  when 
30,000  feet  of  sediments  had  accumulated  along  this  line,  the  sea-floor 
yielded  to  the  lateral  pressure,  and  the  Coast  Range  was  born ;  and  the 
coast-line  transferred  to  near  its  present  position. 

4.  Wahsatcli. — The  physical  geography  of  the  region  to  the  east  of 
the  Wahsatch  (Plateau  region)  during  Jura-Trias  time  is  little  known. 
But  during  the  Cretaceous  the  region  of  the  Wahsatch  was  the  western 
marginal  bottom  of  the  great  interior  Cretaceous  Sea  (see  map,  Fig. 
760,  p.  486),  receiving  abundant  sediments  from  the  great  land-mass  of 
the  Basin  and  Sierra  region.  This  greatly  increased  the  enormous 
thickness  of  sediments  already  accumulated  along  this  line  in  earlier 
times.  At  the  end  of  the  Cretaceous  the  sediments  yielded,  and  the 
Wahsatch  was  born.  It  is  necessary,  however,  to  say  that  both  the 
Sierra  and  Wahsatch  underwent  very  great  changes  of  form  produced 
by  a  different  process  and  at  a  much  later  period.  We  shall  speak  of 
this  later. 

5.  Alps. — Mr.  Judd  has  recently  shown  that  the  region  of  the  Alps, 
during  the  whole  Mesozoic  and  Early  Tertiary,  was  a  marginal  sea- 
bottom,  receiving  sediments  until  a  thickness  was  attained  not  less 
than  that  of  the  Appalachian  strata.  At  the  end  of  the  Eocene  these 
enormously  thick  sediments  were  crushed  together  with  complicated 
foldings  and  swollen  upward  to  form  these  mountains  and  afterward 
sculptured  to  their  present  forms. 

The  same  may  be  said  of  the  Himalayas  and  nearly  all  other  mount- 
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ains.  We  may,  tlierefore,  confidently  generalize,  and  say  that  the 
places  now  occupied  by  mountain-ranges  have  been,  previous  to  their 
formation,  places  of  great  sedimentation,  and  therefore  usually  mar- 
ginal ocean-hottoms.  In  some  cases,  however,  the  deposits  in  interior 
seas  or  mediterraneans  have  yielded  in  a  similar  way,  giving  rise  to 
more  irregular  ranges  or  groups  of  mountains. 

It  is  easy  to  see  now  why  mountain-ranges  so  often  form  the  lor- 
ders  of  continents,  and  that  continents  consist  essentially  of  interior 
basins  with  coast-chain  rims.  The  view  of  formation  of  mountains, 
above  presented,  necessitates  this  as  a  general  form,  while  it  prepares 
us  for  exceptions  in  case  of  mountains  formed  from  mediterranean 
sediments.  We  see  also  why  in  the  case  of  parallel  marginal  ranges  of 
the  same  system,  such  as  the  Sierra  and  Coast  Kanges,  these  should  be 
formed  successively  seaward. 

In  the  above  account  of  mountain-building,  for  the  sake  of  clear- 
ness and  brevity,  we  have  made  the  process  too  simple.  It  is  really 
much  more  complex.  Mountains  are  lines  of  crust-weakness,  and 
therefore  have  been  subject  to  repeated  movements.  In  the  case  of 
the  Sierra,  its  birth  was  indeed  at  the  end  of  the  Jurassic ;  but  it  suf- 
fered another  great  movement  at  the  end  of  the  Tertiary,  of  which  we 
shall  have  much  to  say  hereafter.  In  the  Coast  Range  the  greatest 
movement  was  indeed  at  the  end  of  the  Miocene,  but  it  suffered  a  pre- 
vious movement  at  the  end  of  the  Jurassic  and  a  subsequent  one  at  the 
end  of  the  Tertiary — both  of  them  coincident  with  the  Sierra  move- 
ments. So  also  the  Appalachians  have  suffered  several  movements. 
In  each  case  we  have  spoken  only  of  the  greatest. 

Why  Thick  Sediments  should  he  Lines  of  Yielding. — Admitting, 
then,  that  mountains  are  formed  by  the  squeezing  together  of  lines  of 
very  thick  sediments,  the  question  still  occurs.  Why  does  the  yielding 
take  place  along  these  lines  in  preference  to  any  others  ?  This  is  a  capi- 
tal point  in  the  theory  of  mountain  formation.  The  answer  is  as  fol- 
lows:  We  have  already  seen  (p.  231)  that  accumulation  of  sediments 
causes  the  isogeo therm  to  rise  and  the  interior  heat  of  the  earth  to 
invade  the  lower  portion  of  the  sediments  with  their  included  waters. 
Now  this  invasion  of  heat  in  its  turn  causes  hydrothermal  softening  or 
even  fusion,  not  only  of  the  sediments,  but  also  of  the  sea-floor  on 
which  they  rest.  Thus  a  line  of  thick  sediments  becomes  a  line  of 
softening  and  therefore  a  line  of  weakness,  and  a  line  of  yielding  to 
the  lateral  pressure,  and  therefore  also  a  line  of  mashing  together  and 
folding  and  up-swelling — in  other  words,  a  mountain-range.  As  soon 
as  the  yielding  commences  we  have  an  additional  source  of  heat  in  the 
crushing  itself.  In  addition  to  this,  upheaval  by  lateral  crush  by  the 
tendency  to  arch  the  strata  would  produce  relief  of  gravitative  press- 
ure, and  therefore  fusion  (p.  103).    It  follows  from  this  that  there  is  or 
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was  beneath  every  mountain  a  line  of  fused  or  semi-fused  matter. 
This  we  will  call  the  sub-mountain  liquid.  This  by  cooling  and  solidi- 
fication becomes  a  metamorphic  or  granitic  core,  which  by  erosion 
fo  rms  the  metamorphic  oi'  granitic  axis  and  crest  of  many  great  mount- 
ains. 

Brief  History  of  a  Mountain-Range.— The  preparation  for  a  future 
mountain  commences  by  the  accumulation  of  enormous  thickness  of 
sediment  off  a  coast-line.  This  is  the  embryonic  condition  of  the 
range ;  it  is  still  within  the  womb  of  ocean.  Next,  the  line  of  sedi- 
ments yields  to  the  ever-increasing  lateral  thrust,  and  the  mountain  is 
born.  As  soon  as  it  appears,  there  begin  to  act  upon  it  two  opposite 
forces — one  upheaving,  the  other  cutting  away;  the  one  interior,  the 
other  exterior — which  may  be  compared  to  the  opposite  processes  of 
supply  and  waste  in  the  animal  body.  So  long  as  the  supply  exceeds 
the  waste,  the  mountain  grows.  When  these  opposite  processes  are  in 
equilibrium,  the  mountain  is  mature.  When  the  waste  by  erosion  ex- 
ceeds the  supply  by  upheaval,  the  mountain  has  entered  upon  its  period 
of  decay.  Finally,  the  destructive  forces  triumph,  and  the  mountain 
is  swept  clean  away  by  erosion.  This  is  motmtain- death.  We  find 
mountains  in  all  these  stages.  The  Sierra,  the  Wahsatch,  and  the  Coast 
Range  are  probably  still  growing.  The  Appalachian  is  already  mature 
or  probably  entered  on  its  period  of  deciy.  In  the  folded  structures 
of  the  enormously  thick  rocks  of  the  Archsean  region  of  Canada  we  un- 
doubtedly find  the  bones  of  extinct  mountains. 

Slowness  of  Mountain  Origin  and  Growth. — Although,  as  we  shall 
see  in  Part  III,  the  formation  of  mountains  often  marks  the  boundaries 
of  geological  periods,  and  therefore,  in  a  geological  sense,  the  process 
is  comparatively  rapid,  yet  in  a  human  sense  it  is  always  extremely 
slow — so  slow  that  it  may  and  probably  is  going  on  now  under  our 
eyes,  without  attracting  our  attention. 

Age  of  Mountains. — The  date  of  mountain-birth  is  determined  by 
the  age  of  the  strata.  It  must  be  later  than  the  youngest  strata  which 
enter  into  the  folded  structure  of  the  mountain  or  are  tilted  on  its 
flanks.  Thus  we  say  that  the  Appalachian  was  born  at  the  end  of 
the  Coal  period,  because  all  the  Paleozoic  strata,  including  the  coal, 
enter  into  the  composition  of  its  folded  structure,  but  later  strata  do 
not.  We  say  that  the  Sierra  was  formed  at  the  end  of  the  Jurassic,  be- 
cause these  are  the  youngest  strata  which  are  folded  and  tilted  on  its 
flanks.  Similarly,  the  Cretaceous,  the  Eocene,  and  the  Miocene,  are  all 
crumpled  up  in  the  Coast  Range,  but  the  Pliocene  are  not.  Therefore 
we  judge  that  this  range  was  formed  at  the  end  of  the  Miocene.  To 
illustrate  :  in  Fig.  234  (p.  267)  it  is  evident  that  the  strata  a  were  first 
deposited  in  a  horizontal  position,  then  tilted  and  eroded,  and  b  were 
deposited  uncouformably  on  their  eroded  edges.     The  age  of  tliis 
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mountain,  therefore,  is  younger  than  a  and  older  than  b.  Sometimes 
several  movements  of  lifting  are  revealed.  Thus  in  Fig.  235  the  strata 
a  were  deposited  horizontally,  then  tilted  by  mountain  formation  and 
eroded,  and  b  deposited  horizontally  and  unconformably  on  their  edges ; 
then  by  a  second  movement  b  was  lifted  (and  of  course  a  also  at  a 
higher  angle  than  before),  and  c  was  deposited  unconformably  on  b. 

Now,  by  examination  of  mountains  in  all  parts  of  the  world,  it  is 
found,  as  might  have  been  expected,  that  all  the  highest  mountains  are 
comparatively  young,  and  that  the  oldest  mountains  are  of  moderate 
altitude.  The  reason  is 
obvious :  young  mountains 
are  in  the  vigor  of  youth, 
and  perhaps  still  growing, 
while  the  oldest  mountains 
are  in  the  last  stages  of  decay.  The  oldest  of  our  American  mountains 
are  the  low  Laurentides ;  they  are  almost  gone  ;  they  are  pre-Cambrian. 
Then  follow  the  higher  Appalachian  ;  they  are  pre-Triassic.  Then 
the  still  higher  Sierra ;  they  are  pre-Oretaceous.  To  mention  some 
foreign  examples :  the  Alps  has  certainly  risen  10,000  and  the  Hima- 
laya 19,000  feet  *  since  Eocene  times  ;  for  so  high  Eocene  marine  strata 
have  been  found  on  their  slopes. 

Other  Phenomena  associated  with  Mountains. — The  essential  plie- 
nomena  demonstrating  the  process  of  mountain  formation  are  the 
folded  structure,  the  slaty  cleavage,  the  thickness  of  the  strata,  and  the 
position  along  the  borders  of  continents.  But  thei'e  are  other  phe- 
nomena associated  with  mountains,  which  are  well  explained  by  the  lat- 
eral-pressure theory,  and  therefore  confirm  the  theory. 

1.  Fissures,  Fissure-Eruptions,  and  Dikes. — The  strong  foldings 
of  mountain  strata  inevitably  produce  fractures.  Often  these  fractures 
extend  down  to  the  sub-mountain  liquid,  and  this  latter  is  squeezed 
out  by  the  enormous  lateral  pressure,  through  the  fissures  and  out- 
poured on  the  surface  as  great  lava-floods — such  as  the  great  lava-flood 
of  the  Northwest,  and  the  Deccan  lava-flood,  already  described  on  pages 
218  and  219.  The  outpourings  on  the  surface  may  be  entirely  carried 
away  by  erosion,  and  the  filled  fissures  through  which  they  came  may 
be  exposed  as  dikes  ;  or  else  the  sub-mountain  liquid  may  have  been 
forced  into  fissures  which  did  not  reach  the  surface,  and  these  also 
may  be  exposed  by  erosion  as  dikes.  Thus  lava-floods  are  associated 
with  newer  strata,  and  dikes  with  all,  but  especially  the  older. 

2.  Volcanoes. — Great  lava-floods  come  up  through  fissures  and  flow 
off  as  sheets.  By  repeated  eruptions  successive  sheets  accumulate  until 
the  whole  mass  is  several  thousand  feet  thick.    The  lower  parts  of  such 


*  American  Journal  of  Science,  vol.  xxxvii,  p.  413,  1889. 
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lava-masses  remain  incaudescently  hot  almost  indefinitely.  Percolat- 
ing water  reaching  these  hot  interior  portions  develops  force  sufficient 
to  eject  fused  matter  and  form  volcanoes  parasitic  on  the  lava-floods ; 
or  else  water  may  reach  the  sub-mountain  liquid  through  the  fissures 
produced  by  foldings  and  thus  also  produce  volcanoes.  Thus  volcanoes 
also  are  associated  with  mountain-ranges. 

3.  Mineral  Veins. — If  the  fractures  do  not  penetrate  deep  enough 
to  reach  the  sub-mountain  liquid,  then  they  are  not  filled  at  the  time 
of  their  formation  with  liquid  lava,  but  slowly  afterward  by  deposit  of 
mineral  matter  from  percolating  waters  and  form  veins.  Thus  min- 
eral veins  are  especially  abundant  in  mountain-regions. 

4.  Faults  and  EarthquaJces. — The  walls  of  great  fissures,  as  we 
have  already  seen,  never  remain  in  their  original  position,  but  always 
slip  one  on  the  other  and  thus  form  faults,  which,  in  case  of  foldings 
by  lateral  pressure,  will  usually  be  reverse.  Hence  faults  are  associated 
with  mountains.  The  slipping,  however,  will  not  take  place  all  at  once 
but  very  slowly,  and  yet  not  uniformly,  but  more  or  less  paroxysmally. 
Each  paroxysm  will  produce  an  earthquake.  The  original  fracturing 
will  also  produce  an  earthquake.  Thus  earthquakes  are  associated  with 
mountains,  especially  if  the  mountains  are  still  growing. 

We  see  thus  the  truth  of  the  proposition  with  which  we  set  out, 
that  mountains  are  the  theatres  of  the  greatest  activity  of  all  geological 
agencies.  They  are  first  the  places  of  greatest  activity  of  aqueous 
agencies  in  the  form  of  sedimentation  in  preparation  for  the  future 
mountains ;  then  of  igneous  agencies  in  the  birth  and  growth  of  the 
actual  mountain  ;  and,  finally,  again  of  aqueous  erosive  agencies  in 
sculpturing  them  into  forms  of  beauty,  but  also  in  the  decay  and  at 
last  in  the  complete  destruction  ot  former  mountains. 

Cause  of  Lateral  Pressure, — We  have  thus  proved  that  the  imme- 
diate cause  of  the  origin  and  the  growth  of  mountains  is  lateral  press- 
ure acting  on  thick  sediments,  crushing  them  together  and  swelling 
them  up  along  the  line  of  greatest  thickness.  But  still  the  question 
remains.  What  is  the  ultimate  cause,  i.  e.,  the  cause  of  the  lateral  press- 
ure ?  This,  as  we  have  already  said,  lies  still  in  the  domain  of  doubt 
and  discussion,  but  the  view  which  seems  most  probable  may  be  briefly 
stated  as  follows  : 

In  the  secular  cooling  of  the  earth  there  would  be  noti  only  unequal 
radial  contraction,  giving  rise,  as  shown  on  page  175,  to  continents  and 
ocean-basins,  but  also  unequal  contraction  of  the  exterior  as  compared 
with  the  interior.  At  first,  and  for  a  long  time,  the  exterior  would  cool 
fastest ;  but  there  would  inevitably,  sooner  or  later,  come  a  time  when 
the  exterior,  receiving  heat  from  abroad  (sun  and  space),  as  well  as 
from  within,  would  assume  an  almost  constant  temperature,  while  the 
interior  would  still  continue  to  cool  and  contract.    Thus,  therefore. 
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lifter  a  while  the  interior  nucleus  would  contract  faster  than  the  ex- 
terior shell.  It  would  do  so,  partly  because  it  would  cool  faster,  and 
partly  because  the  co-cfficient  of  contraction  of  a  hot  body  is  greater 
than  that  of  a  cooler  body.  Now,  as  soon  as  this  condition  was  reached, 
the  exterior  shell,  following  down  the  shrinking  nucleus,  would  be 
thrust  upon  itself  by  a  lateral  or  horizontal  pressure  which  would  be 
simply  irresistible.  If  the  earth's  crust  were  a  hundred  times  more 
rigid  than  it  is  (30  times  as  rigid  as  steel,  500  to  1,000  times  as  rigid 
as  granite — Woodward,  Science,  vol.  xiv,  p.  167,  1889),  it  must  yield. 
Mountain-ranges  are  the  lines  along  which  the  yielding  takes  place, 
and  this  yielding  takes  place  along  lines  of  thick  sediments  because 
these  are  lines  of  weakness. 

There  are  several  serious  objections  which  may  be  brought  against 
this  view :  1.  Calculations  seem  to  show  that  the  amount  of  crumpling 
and  folding  actually  found  in  mountains  is  mauy  times  greater  than 
could  be  produced  by  the  contraction  of  the  earth  by  cooling.  But  it 
may  be  answered  (1)  that  the  calculations  take  no  account  of  the  greater 
coefficient  of  contraction  at  high  temperatures,  and  therefore  at  great 
depths,  (2)  and  that  there  may  be  other  causes  of  contraction  besides  cool- 
ing. For  example,  loss  of  constituent  gases  and  vapors  from  the  in- 
terior of  the  earth,  through  volcanic  vents  and  fissures,  has  been  sug- 
gested by  0.  Fisher  (p.  102). 

2.  Again,  it  has  been  shown  by  Dutton  that  it  is  impossible  that  the 
effects  of  differential  contraction  should  be  concentrated  along  certain 
lines,  so  as  to  give  rise  to  mountain-ranges  without  a  shearing  of  the 
crust  upon  the  interior  portions,  which  is  inadmissible  if  the  earth  be 
solid.  Instead,  therefore,  of  conspicuous  mountain-ranges,  the  effects 
of  differential  contraction  would  be  distributed  all  over  the  surface, 
and  be  wholly  imperceptible.  But  in  answer  to  this  it  may  be  said 
that  there  is  no  difficulty  in  the  way  of  such  shearing,  and  therefore 
of  such  concentration  of  effects  along  certain  weakest  lines,  if  there  be 
a  sui-crust  liquid  or  semi-liquid  layer,  either  universal  or  else  underlying 
large  areas  of  surface. 

Still  other  objections  have  been  raised,  but  these  are  so  recent  that 
they  have  not  yet  been  sufficiently  sifted  by  discussion  to  deserve  men- 
tion here.*  The  origin  of  mountains  by  lateral  pressure  is  a  fact  be- 
yond dispute.  This  is  the  most  important  fact  for  the  geologist.  How 
the  lateral  pressure  is  produced  is  a  pure  physical  question  which  must 
be  left  to  the  physicists  to  settle  among  themselves. 

Another  Type  of  Mountains— Monoclinal  Mountains.— We  have 
tluis  far  spoken  only  of  one  type  of  mountains — by  far  the  commonest 


*  For  a  completer  discussion  of  this  subject,  see  Theories  of  Mountain  Origin,  Jour. 
Geol.,  vol.  i,  p.  542,  1893. 
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type— including  the  greatest  niountaiiis,  and  long  supposed  the  only 
kind.  But  there  is  another  type  only  recently  brought  to  liglit  by  the 
United  States  Geological  Survey,  the  most  conspicuous  if  not  the  only 
examples  of  which  are  found  in  the  Basin  and  part  of  the  Plateau  re- 
gions. These  mountains  are  formed  in  an  entirely  different  way,  viz., 
by  the  tiltmg  or  else  the  bodily  uplifting  of  yreat  crust-blochs,  saytii- 
rated  by  parallel  fissures.  Mountains  of  the  usual  type  may  be  called 
anticlinals  ;  for,  although  often  made  up  of  many  anticlines  and  syn- 
clines,  yet,  taken  as  a  whole,  they  may  be  regarded  as  a  grand  anticline 
(see  Pig.  233,  p.  267).  Mountains  of  this  second  type  are  called 
monoclinalsy  In  mountains  of  the  first  type  the  faults  are  usually 
reverse,  in  the  second  type  they  are  normal.  Normal  faults  are  ex- 
tremely common  everywhere,  but  they  are  rarely  great  enough  to  give 
rise  to  earth-features  which  deserve  the  name  of  mountains;  but  in 
the  Basin  region — as  we  have  already  seen,  page  243 — their  scale  is  so 
enormous  and  their  formation  so  recent  that  they  give  rise  to  very 
conspicuous  orographic  features.  We  have  already,  under  faults  (p. 
243),  sufficiently  explained  the  mode  of  formation  of  the  Basin  ranges. 
We  now  wish  to  explain  how  the  Sierra  has  been  modified — in  fact, 
received  its  present  form  and  altitude — in  this  way. 

The  Sierra,  as  we  have  already  seen,  was  formed  by  crushing  and 
folding  of  thick  sediments  at  the  end  of  the  Jurassic.  It  is  probable 
that,  by  the  enormous  erosion  of  the  Cretaceous  and  Tertiary  periods, 
it  was  subsequently  cut  doion  to  very  moderate  altitude.  It  had  nearly 
completed  one  cycle  of  mountain  life  and  rested.  At  the  end  of  the 
Tertiary  this  great  mountain-block — 300  miles  long  and  50  to  70  miles 
wide — was  heaved  up  on  its  eastern  side,  forming  there  a  normal  fault, 
with  a  displacement  of  probably  not  less  than  15,000  feet.*  The  range 
was  thus  greatly  elevated,  and  its  crest  transferred  to  its  extreme  eastern 
margin.  This  elevation  commenced  a  new  cycle  of  life  which  is  still 
in  its  prime.  The  movement  was  attended  with  lava-flows,  which  ran 
down  the  western  slope,  filling  up  the  old  river-beds,  and  displacing  the 
rivers.  The  displaced  rivers  immediately  commenced  cutting  new  beds 
(Fig.  8,  p.  16,  and  Fig.  222,  p.  258).  That  this  event  took  place  at  the 
end  of  the  Tertiary  is  shown  by  the  fact  that  even  the  most  recent 
Tertiary  beds  were  covered  by  the  lava.  That  the  slope  and  therefore 
the  height  of  the  mountain  were  greatly  increased  at  that  time  is  shown 
by  the  fact  that  the  rivers,  seeking  their  base-level  (p.  21),  have  cut 
their  neio  beds  2,000  feet  below  their  old  beds,  even  though  the  time 
of  cutting  was  very  much  less.  Evidentlv,  therefore,  the  present  form 
and  height  of  the  Sierra  date  from  the  end  of  the  Tertiary. 


*  The  fault-scarp  is  10,000  feet,  and  the  summit  slates  are  deeply  buried  beneath 
Quaternary  deposits  at  its  foot. 
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Coincidently  with  this  hist  great  modification  of  the  Sierra,  the 
Basin  ranges  were  also  formed  by  criist-block-tilting.  On  the  other 
bonndary  of  the  Basin  region,  tlie  Wahsatch  was  at  the  same  time  also 
heaved  up  on  its  iuestern  side,  forming  there  one  of  the  greatest  faults 
known.  Therefore,  so  far  as  their  present  forms  are  concerned,  the 
Sierra  and  Wahsatch  may  be  said  to  belong  to  the  Basin  system.  It 
is  not  difficult  to  imagine  how  the  whole  system  may  have  been 
formed.  At  the  end  of  the  Tertiary  the  whole  Basin  region,  includ- 
ing the  Sierra  on  one  side  and  the  Wahsatch  on  the  other,  was  lifted 
probably  by  intumescent  lavas  into  an  arch,  and  by  tension  split  into 
great  oblong  crust-blocks.  The  arch  broke  down,  the  crust-blocks 
readjusted  themselves,  as  explained  on  page  243,  to  form  the  Basin 
ranges,  and  left  the  abutments,  viz.,  the  Sierra  and  the  Wahsatch,  with 
their  raw  faces  looking  toward  one  another  across  the  intervening 
Basin.  The  process  and  result  are  shown  in  the  ideal  diagram  (Fig. 
236).    It  must  not  be  imagined,  however,  that  this  took  place  at  once 


Pig.  236. — Diagram  showing  Probable  Origin  of  the  Basin  System. 


as  a  great  cataclysm,  but  rather  that  it  took  place  very  slowly — the 
lifting,  the  breaking  down,  and  the  readjustment,  all  going  on  at  the 
same  time. 

Thus,  then,  there  are  two  types  of  mountains  strongly  contrasted, 
mountains  of  the  one  type  are  formed  by  \a,tQYaX  pressure  and  ci-ioshing, 
of  the  other  type  by  lateral  tension  and  stretching.  The  one  gives  rise 
mainly  to  reverse  faults,  the  other  always  to  normal  faults.  Mountains 
of  the  one  type  are  formed  by  upswelling  of  thick  sediments,  those  of 
the  other  type  by  irregular  readjustment  of  crust-blocks.  Mountains 
of  the  one  type  are  ioi-n  of  the  sea,  those  of  the  other  type  are  born  on 
the  land.  We  find  examples  of  the  one  type  in  nearly  all  the  greatest 
mountains  everywhere,  but  especially  in  the  Appalachian,  the  Alps, 
and  the  Coast  Range.  The  best  examples,  perhaps  the  only  examples, 
of  the  other  type  are  the  Basin  ranges.  Some  mountains,  as  the 
Sierra,  the  Wahsatch,  and  certainly  some  of  the  Basin  ranges,  belong 
to  both  types.  In  their  origin,  they  have  been  formed  in  the  first  way, 
but  afterward  have  been  modified  by  the  second  way.  Thus  the  first 
is  the  fundamental  method,  and  the  second  only  a  modifying  process.* 

*  On  this  whole  subject  see  papers  by  the  writer,  American  Journal  of  Science,  vol. 
six,  p.  176,  1880;  vol.  xxxii,  p.  Ifi?,  1860;  and  Journal  of  Geology,  vol.  i,  p.  642,  1893. 
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Mountain  Sculpture. 

As  soon  as  a  mountain- range  lifts  its  head  above  the  general  level 
of  sea  or  land,  it  is  immediately  attacked  by  erosion.  All  the  grand 
and  beautiful  forms  of  mountain  scenery  are  due  to  erosive  sculptur- 
ing. The  amount  carried  away  is  always  enormously  great,  usually 
many  times  greater  than  what  remains.  In  Fig.  231  (p.  266)  we  have 
in  the  upper  part  .the  Uintah  Mountain  with  its  strata  restored,  i.  e., 
as  it  would  be  if  never  ravaged  by  erosion ;  in  the  lower  part  we  have 
it  as  it  now  exists.  The  extreme  thickness  removed  is  about  25,000 
feet,  while  only  about  8,000  feet  remain,  for  the.  highest  peaks  are  now 
only  10,000  to  12,000  feet  hight.  In  the  Appalachian— an  older 
mountain — probably  a  much  larger  proportion  has  been  carried  away. 
The  amount  in  all  cases  is  so  great  as  to  obscure  the  origin  of  moun- 
tains and  to  confuse  the  use  of  the  term  mountain.  Hence  some  have 
divided  mountains  into  two  kinds,  viz.,  mountains  of  upheaval  and 
mountains  of  erosion,  and  some  have  even  gone  so  far  as  to  say  that 
mountains  are  mere  remnants  of  denuded  continents — the  prominent 
points  of  a  differential  erosion.  But  it  is  best  to  keep  distinct  in  the 
mind  mountain  formation  and  mountain  sculpture.  They  are  both 
equally  important  in  the  final  result.  If  igneous  forces  do  the  rough 
heiving,  aqueous  forces  do  the  shaping  into  forms  of  beauty.  When 
we  view  mountains  from  a  distance,  the  blue,  cloud-like  bank  which 
we  see  on  the  horizon  is  the  result  of  igneous  agencies;  but  when  we 
are  among  mountains  all  that  we  see — every  ridge  and  peak  and  val- 
ley— all  that  constitutes  scenery — is  the  result  of  aqueous  agencies. 

Sculptural  Forms. — The  mode  of  mountain  formatio7i  is  more  or 
less  concealed  in  internal  structure;  but  the  forms  developed  by 
sculpture  lie  on  the  surface,  and  are  easily  understood,  and  yet  they 
often  reveal  structure  to  the  careful  observer.  A  knowledge  of  these 
sculptural  forms  gives  additional  charm  to  mountain  travel.  They  are 
almost  infinitely  diversified ;  yet  a  few  of  the  most  common  and  con- 
spicuous may  be  given  as  examples.  These  forms  are  not  all  confined 
to  mountains ;  some  of  them  are  the  general  forms  of  highland  ero- 
sion ;  but  they  are  most  conspicuous  in  mountain-regions. 

1.  Horizontal  Strata.— [a)  These,  if  sufficiently  firm,  give  rise  to 
table- forms,  the  top  of  the  table  being  determined  by  a  slab  of  hard 


FiQ.  237. 


stratum,  such  as  sandstone  or  grit,  or  by  a  lava-flow.  In  the  latter 
case,  the  horizontal  lava-blanket  gives  rise  to  tables,  whatever  be  the 
position  of  the  underlying  strata.    Good  examples  of  this  form  are 


MOUNTAIN  SCULPTURE. 


279 


found  in  Illinois  (Fig.  237),  in  Tennessee  (Fig.  238),  in  the  mesas  of 
the  Plateau  region  (Fig.  10,  p.  17),  and  in  Table  Mountain,  of  Cali- 
fornia (Fig.  239). 


s 


Fio.  238.— Section  across  Cumberliiml  Plateau  and  Lookout  Mountain,  Tennessee. 


(b)  But  if  the  horizontal  strata  are  soft,  interstratified  sands  and 
clays,  their  erosion  gives  rise  to  fantastic  castellated  forms  of  peaks, 


Fig.  239.— Section  across  Table  Mountain,  Tuolumne  County,  California:  L,  lava;  G,  gravel;  SS, 
slate;  M,  old  river-bed;  S',  present  river-bed. 


turrets,  etc.,  such  as  are  found  in  the  Bad  Lands  of  the  Plains  and 
Plateau  region,  which  are  the  almost  unlithified  deposits  of  the  Tertiary 
lakes  (Fig.  240). 


Flu.  240.— Muuvaises  Terras,  Bad  Lands  (after  Uny<lon). 


2.  Oently -undulating  Strata. — These  give  rise  to  synclinal  ridges 
and  anticlinal  valleys.    This  is  well  shown  in  diagram  (Fig.  241)  and 
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in  the  subjoined  section  of  the  Appalachian  coal-field  in  Pennsylvania 
(Fig.  342).  This  is  usually  explained  by  supposing  that  the  backs  of 
the  anticlinals  have  been  broken  or  loosened  by  tension  in  bending; 
while  the  synclinals  have  been  liardened  by  lateral  pressure— and  there- 
fore the  anticlinals  have  yielded  more  easily  to  erosion.    But  Prof. 


Fig.  241.— Diagram  showing  Synclinal  Ridges  and  Anticlinal  Valleys  (after  Ntte  and  De  Margerie). 

Davis  has  shown*  that  such  a  supposition  is  at  least  not  necessary.  For 
example :  if  we  have  a  series  of  undulating  strata,  some  hard  and  some 
soft  (Fig.  243),  and  well  raised  above  base-level,  the  erosion  will  be  most 
rapid  on  the  anticlines,  and  the  hard  stratum  {a)  will  be  reached  and 
cut  through. first  there.   As  soon  as  the  soft  stratum  beneath  is  reached 


the  erosion  will  be  still  more  rapid,  and  valleys  will  be  formed.  This 
will  be  understood  by  careful  inspection  of  the  figure. 

3.  Sir onghj -folded  or  Highly -inclined  Outcropping  Strata. — These 
give  rise  to  sharp  ridges  and  valleys,  the  ridges  being  determined  by 
the  outcrop  of  a  hard  stratum.  Fig.  244  is  an  ideal  diagram,  showing 
how  such  ridges  are  formed  by  erosion.   In  the  Eocky  Mountains,  where 


Fio.  243.— Ideal  Diagram  showing  how,  according  to  Davis,  Synclinal  Ridges  are  formed:  full 
lines,  actual  surfaces  and  structure;  dotted  lines,  original  surfaces  and  structure;  broken  lines, 
former  erosion-surfaces. 

they  are  finely  shown  on  the  flanks  of  the  mountains,  they  are  called 
hog -backs.''''    Fig.  241  represents  this  form  of  sculpture  as  it  often 
appears.    It  is  seen  that  every  ridge  is  formed  by  outcrop  of  a  hard 


Fig.  242.— Section  of  Coal-Pield  of  Pennsylvania  (after  Lesley). 


Science,  vol.  xii,  n.  320. 
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sandstone,  which  has  resisted  erosion  more  than  tlie  intervening  strata. 
Beautiful  examples  of  this  form  are  seen  iu  parts  of  the  Appalachian. 


Fig.  SM.  Ideal  Section  across  an  Eroded  Fold,  contiistinf;  of  Alternating  Soft  and  llard  Strata 

(after  NOe  and  De  Murgerie). 

Standing  on  the  top  of  Warm  Springs  Mountain,  Virginia,  ten  or 
twelve  parallel  ridges  may  be  counted,  each  with  long  slopes  on  one  side 
and  steep  slopes  on  the  other,  like  billows  ready  to  break.  The  crest  of 
each  ridge  is  determined  by  the  outcrop  of  a  hard  sandstone.  Such 
ridges  may  be  formed  either  by  the  outcrop  of  successive  sandstones, 


Fig.  245.— Parallel  Ridges. 


as  in  Fig.  245,  or  else  by  the  successive  outcrop  of  the  same  sandstone, 


as  in  Fig.  246. 


In  ridges  formed  in  this  way  the  relative  angle  of  slope  on  the  two 
sides  of  the  ridges  will  depend,  on  the  dip  of  the  strata.  If  the  strata 
be  vertical,  the  two  slopes  will  be  equal.    If  the  strata  are  inclined,  the 


■.,.,7jmi„„.,„„, 


Fig.  246.— Parallel  Ridges  in  Folded, Strata. 

longer  slope  will  be  on  the  side  toward  which  the  strata  dip  ;  and  the 
difference  of  the  two  slopes  will  increase  as  the  angle  of  dip  becomes 
less.    This  is  shown  in  Fig.  247  («,     and  c).    Finally,  one  slope  may 


Fio.  247. 


coincide  with  the  face  of  the  hard  stratum,  as  in  Fig.  244.  This  case, 
therefore,  passes  by  insensible  gradations  into  the  next,  viz. : 
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4.  Gently-inclined,  almost  Level  Strata. — These,  by  erosion,  per- 
haps under  peculiar  climatic  conditions,  give  rise  to  a  succession  ol 


Fio.  348.-Bird's-eye  View  of  the  Terrace  Cafion  (after  Powell). 


broad,  nearly  level  tables,  coincident  with  the  face  of  a  hard  strat.;m 
terminated  each  by  a  vertical  or  nearly  vertical  cliff.    Ihis  form  ol 
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Fig.  249.— Dotted  lines  show  material  carried  away  by  erosion. 

each  table  is  against  the  cliS ;  and  every  cliff, 


sculpture  is  developed  on  a  magnificent  scale  in  the  Colorado  Plateau 
region.  Fig.  248  is  a  bird's-eye  view  of  three  such  tables,  each  20  to 
60  miles  wide,  and  terminated  by  cliffs  1,500  to  2,000  feet  high.  Fig. 

249  is  an  ideal  sec-   

tion  of  such  ta-    T?'zzz::::" ' "    --"-^--■-■'■■^^ZZ^y'll' 

bles  and  cliffs — the 
dotted  lines  show- 
ing the  portion  car- 
ried away  by  ero- 
sion. It  is  evident 
that  the  drainage  of 
therefore,  recedes  partly  by  under-cutting  by  a  river  and  partly  by 
rain-wash  on  its  face.  In  some  cases,  where  the  lifting  of  the  strata 
was  dome-like,  the  receding  cliffs  are  circular,  producing  thus  titanic 
amphitheatres,  100  or  more  miles  across,  with  cliff-benches  1,000  to 
2,000  feet  high.*  How  slow  the  lifting  of  the  strata  in  this  region 
must  have  been  is  shown  by  the  fact  that  the  Green  River  runs 
against  the  slope  of  the  strata,  cutting  its  canon  deeper  to  the  edge 
of  the  cliffs,  as  shown  in  Fig.  248.  Evidently  the  strata  were  lifted 
athwart  the  course  of  the  river,  but  so  slowly  that  the  river  cut  as 
fast  as  the  strata  lifted. 

Migration  of  Divides. — If  the  slopes  on  the  two  sides  of  a  divide 
are  equal,  the  position  of  the  divide  remains  stationary ;  but  if  one 
slope  be  steeper  than  the  other,  then  by  the  greater  erosion  on  the 
steeper  slope  the  divide  will  move  steadily  toward  the  gentler  slope. 
Thus,  the  rivers  on  the  steeper  slope  continually  increase  their  drainage 
areas  by  appropriating  from  the  other  side.  Examples  of  this  may  be 
found  in  nearly  all  mountains,  but  especially  in  those  of  the  monoclinal 
type,  and  in  all  ridges,  but  especially  in  the  case  of  hog-backs  (Figs. 
244,  245).  The  recession  of  plateau  cliffs  is  only  an  extreme  case  under 
this  law. 

5.  Metamorphic  and  Granitic  Rocks. — Sculptural  forms  in  these 
are  usually  irregular,  and  can  not  be  reduced  to  a  simple  law.    But,  in 

some  cases,  peculiar  forms  are 
traceable  to  peculiar  structure. 
Thus,  for  example  :  in  and  about 
the  Yosemite  Valley  two  kinds 
of  forms  are  found,  viz.,  (a)  per- 
pendicular cliffs  and  towers  and 
spires  of  the  valley  itself ;  and 
{h)  rounded  domes  abundant  in  the  high  region  about  the  valley. 
The  one  is  the  result  of  a  rough,  imperfect  vertical  cleavcge  of  the 


Fio.  250. — Ideal  Section  showing  Dome-structure. 
Dotted  line  above  shows  original  surface. 


*  Dutton,  High  Plateaus  of  Utah,  p.  19. 
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rock;  the  other  of  a  concentric  structure  on  a  huge  scale,  usually 
undetectable  in  the  sound  rock,  but  brought  out  by  weathering.  This 
is  shown  in  the  diagram  (Fig.  250). 

6.  The  Kind  of  Agent. — It  is  probable  that  the  nature  of  the  erosive 
agent,  whether  as  rain  and  rivers  or  as  sjiow  and  glaciers,  also  deter- 
mines peculiar  scenic  forms.  It  is  probable  that  the  former  tend  more 
to  rounded  summits  and  ridges  and  V-shaped  gorges,  the  latter  to 
sharp  summits  {aigtiilles)  and  comb-like  divides  and  broad  U-shaped 
valleys. 


CHAPTER  VI. 
DENUDATION,  OR  GENERAL  EROSION. 

As  a  fit  ending  of  Part  II,  and  preparation  for  Part  III,  in  which 
the  idea  of  time  is  the  underlying  element,  it  seems  appropriate  to 
make  some  rough  estimate  of  the  amount  of  general  erosion  which  has 
taken  place  in  the  history  of  the  earth,  and  of  geological  time  based 
thereon. 

The  term  demcdafion  is  used  by  geologists  to  express  the  general 
erosion  which  the  earth-surface  has  suffered  in  geological  times.  The 
correlative  of  denudation  is  sedimentation,  and  the  amount  of  denuda- 
tion is  measured  by  the  amount  of  stratified  rocks. 

Agents  of  Denudation  — The  agents  of  erosion,  as  we  have  already 
seen  in  Part  I,  are  :  1.  Rivers,  including  under  this  head  the  whole 
course  of  rainfall  on  its  way  back  to  the  ocean  whence  it  came ;  2. 
Glaciers,  including  under  this  head  not  only  glaciers  proper,  but  mov- 
ing ice-sheets,  such  as  now  exist  in  polar  regions,  and  in  the  Glacial 
epoch  extended  far  into  now  temperate  regions,  and  also  moving  snow- 
fields,  for  it  is  probable  that  all  extensive  snow-fields  and  snow-caps  are 
in  motion ;  3.  Waves  and  tides  ;  and,  possibly,  4.  Oceanic  currents. 

Oceanic  currents  usually  run  on  a  bed  and  between  banks  of  still 
"water,  and  therefore  produce  no  erosion.  It  is  possible,  however,  that 
a  rising  sea-bottom  may  be  eroded  by  this  agent ;  but  as  we  have  no 
knowledge  of  such  effects,  we  are  compelled  to  omit  this  from  our  esti- 
mate of  the  probable  rate  of  denudation.  The  action  of  waves  and 
tides  is  violent  and  conspicuous  ;  yet  these  agents  are  so  entirely  con- 
fined to  the  shore-line  that  their  aggregate  effect  is  but  a  small  frac- 
tion of  the  whole  erosion.  Prof.  Phillips  has  shown  *  that,  taking  the 
coast-lines  of  the  world  as  100,000  miles,  and  making  the  extravagant 
estimate  that  the  average  erosion  along  this  whole  line  is  equal  to  that 


*  Life,  its  Origin  and  Succession,  p.  130. 
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of  the  English  coast,  or  one  foot  per  annum  of  a  cliff  one  hundred  feet 
liigh,  still  the  aggregate  wave-erosion  is  far  less  than  river-erosion,  be- 
ing equivalent  to  a  general  land-surface  erosion  of  only  -g-oVir  of  ij^ch 
per  annum,  or  -jV  of  that  which  is  now  going  on  over  the  hydrographi- 
cal  basin  of  the  Ganges,  and  \  of  that  going  on  in  the  basin  of  the 
Mississippi.  Glaciers  and  rivers,  therefore,  are  the  great  agents  of  ero- 
sion. The  one  takes  the  place  of  the  other,  according  as  falling  water 
takes  the  form  of  ram  or  snow ;  both  come  under  the  general  head  of 
circulating  meteoric  water.  In  a  general  estimate  of  the  rate  of  denu- 
dation we  may,  therefore,  without  sensible  error,  regard  it  as  the  work 
of  circulating  meteoric  water. 

Again,  although  it  is  probable  that  the  erosive  power  of  glaciers  is 
greater  than  that  of  rivers,  yet  their  action  is  so  much  more  local,  both 
in  time  and  space,  that  we  believe  we  may  take  the  average  rate  of 
river-erosion  as  a  fair  representative  of  the  average  rate  of  denudation. 

Amount  of  Denudation. — A  mere  glance  at  the  figures  below  will 
show  in  a  general  way  the  manner  in  which  geologists  estimate  the 
amount  of  denudation  in  certain  regions.  In  almost  all  countries,  es- 
pecially in  mountain-regions,  we  find  slips  varying  from  a  few  feet 
(Fig.  251)  to  many  thousands  of  feet  perpendicular  (Fig.  231).  There 

are  slips  in  the  Appalachian  chain  which   '  ,  

are  estimated  to  be  8,000  and  even  one  20,-  / 
000  feet,  in  the  Uintah  20,000,  in  the  Wah- 
sateh  40,000  feet,  perpendicular.    And  yet 
in  most  cases  the  escarpment,  which  would 
otherwise  exist,  is  completely  cut  away,  so 
that  no  surface  indication  of  the  slip  ex- 
ists.    Evidently  in  such  cases  there  must 
have  been  erosion  on  the  elevated  side,  at  least  equal  to  the  amount  of 
slip,  and  probably  much  greater.    The  dotted  line  represents  the  prob- 
able original  surface. 

Sometimes  the  horizontal  strata  of  isolated  mountain-peaks  corre- 
sponding to  each  other  (mountains  of  erosion)  show  that  these  are  but 
scattered  fragments  of  a  once  high  plateau,  which  has  been  removed  by 
erosion,  as  shown  in  the  annexed  figure  (Fig.  252)  and  in  many  of  the 


Fig.  258.— Denudation  of  Red  Sandstone,  Northwest  Coast  of  Ross-shire,  ScoHand. 


figures  on  pages  282  and  283.  In  such  cases  the  erosion  must  have 
been  at  least  equal  to  the  height  of  the  peaks,  and  may  have  been  to 
any  extent  greater.    The  accompanying  section  across  Middle  Tennes- 
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see  shows  a  vertical  erosion  of  1,200  to  2,400  feet,  over  the  wliole  valley 
of  Middle  Tennessee,  which  is  sixty  miles  across  and  one  hundred 


l<io.  253.-Section  across  Middle  Tennessee.  The  dotted  lines  sliow  the  amount  of  matter  removed. 

miles  long.  In  most  cases  the  removed  matter  is  not  so  easily  esti- 
mated as  in  those  mentioned.    The  strata  in  mountain  chains  are  usu- 


FiG.  254.— Section  through  Portions  of  England. 


ally  folded  in  a  very  complex  way,  and  then  denuded.  But  the  ideal 
restoration  of  these  may  be  effected,  and  the  amount  of  erosion  approxi- 


Pig.  855. — Section  through  Portions  of  England. 


mately  estimated.  Figs.  254  and  255  are  sections  across  the  mount- 
ainous parts  of  England,  as  restored  by  Prof.  Ramsay. 

Average  Erosion. — By  these  methods  Prof.  Eamsay  estimates  the 
denudations  over  many  portions  of  England  to  be  not  less  than  10,000 
to  11,000  feet  in  thickness.*  Over  the  whole  Appalachian  region  the 
denudation  has  probably  been  enormous,  in  some  places  8,000  to  20,000 
feet.  Over  the  whole  region  of  the  high  Sierra  Range,  as  we  have 
shown,t  erosion  has  removed  the  whole  of  the  Jurassic  and  Triassic 
slates,  and  bitten  deep  into  the  underlying  granite.  The  thickness  of 
these  slates  is  not  known,  but  it  must  be  many  thousand  feet.  In  the 
Uintah  Mountain  region,  according  to  Powell,  over  an  area  of  2,000 
square  miles,  an  average  thickness  of  three  and  a  half  miles  has  been 
taken  away  (Fig.  256),  the  extreme  thickness  removed  being  nearly 

'"■  Geological  Observer,  p.  819. 

\  American  Journal  of  Science  and  Arts,  vol.  v,  p.  325. 
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five  miles.  From  the  Wahsatch  have  been  removed  32,000  feet,  or 
six  miles  thickness  of  strata  (King).   Over  the  whole  Colorado  Plateau 


Fio.  256.— Uintah  Mountoins— Uppei-  Part  lestored.  showing  Fault;  Lower  Part  showing  the 
Present  Condition  as  produced  by  Erosion  (after  Powell). 

region  the  succession  of  cliffs,  separated  by  broad  tables  (Fig.  249), 
shows  enormous  erosion.  The  average  erosion  over  the  whole  region 
has  been  estimated  by  Powell  and  Button  as  6,500  feet;  and  the  ex- 
treme general  erosion,  not  including  the  cafion-cutting,  as  11,000  feet. 
The  whole  of  this  immense  mass  has  been  removed,  too,  since  the 
middle  Tertiary. 

It  seems  impossible  to  avoid  the  conclusion,  therefore,  that  the 
average  erosion  over  all  present  land-surfaces  has  been  at  least  several 
thousand  feet. 

There  is  another  mode  of  estimating  the  average  erosion,  viz.,  by 
the  average  thickness  of  stratified  rocks.  The  debris  of  erosion  is 
carried  down  into  seas  and  lakes,  and  forms  strata,  and  the  amount  of 
stratified  rocks  becomes  thus  the  measure  of  the  erosion ;  the  average 
thickness  of  sediments,  if  they  had  been  spread  over  an  equal  area, 
would  be  an  accurate  measure  of  the  average  thickness  removed  by 
erosion.  Now,  the  stratified  rocks  are  in  some  localities  10,000  feet, 
20,000  feet,  and  sometimes  40,000  and  50,000  feet  thick.  They  are 
scarcely  ever  found  less  than  2,000  or  3,000  feet.  It  is  certain,  there- 
fore, that  the  average  thickness  of  strata  over  the  whole  known  surface 
of  the  earth  is  not  less  than  several  thousand  feet.  Let  us  take  it  at 
only  2,000  feet.  But  the  area  of  sedimentation,  the  sea-bottom,  is  now, 
and  has  probably  always  been,  at  least  three  times  the  area  of  erosion, 
the  land-surface.  Thus  an  average  of  2,000  feet  of  strata  would  require 
an  average  erosion  of  6,000  feet. 

Estimate  of  Geological  Times. — There  are  many  facts  connected 
with  geology,  especially  the  facts  of  evolution,  which  can  not  be  under- 
stood without  the  admission  of  inconceivable  lapse  of  time.  For  this 
reason  it  is  important  that  the  mind  should  become  familiarized  with 
this  idea.  It  will  not  be  out  of  place,  therefore,  to  make  a  rough  esti- 
mate of  time  based  upon  the  amount  of  erosion. 
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We  have  already  seen  (p.  11)  tluit,  taking  the  Mississippi  as  an 
average  river  in  erosive  power  (it  is  probably  much  more  than  an 
average),  the  rate  of  continental  erosion  is  noiv  about  one  foot  in  5,000 
years.  At  this  rate,  to  remove  an  average  thickness  of  G,000  feet 
would  require  30,000,000  years.* 

Some  may  object  to  this  estimate,  on  the  ground  that  geological 
agencies  were  once  much  more  active  than  now.  It  is  probable  that  this 
is  true  of  igneous  agencies,  since  these  are  determined  by  the  interior 
heat  of  the  earth,  and  this  has  evidently  been  decreasing.  It  is  prob- 
able also  that  this  is  true  of  the  chemical  agencies  of  water  in  disinte- 
grating rocks  and  forming  soils,  since  chemical  effects  are  also  usually  in- 
creased by  heat.  But  there  is  good  reason  to  believe  that  the  mechanical 
agencies  of  water,  i.  e.,  its  erosive  2iOtver,  has  been  constantly  increasing 
■with  the  course  of  time,  and  are  greater  now  than  at  any  previous  epoch 
except  the  Glacial  epoch. 

For  observe  :  The  erosive  power  of  water  is  determined  entirely  by 
the  rapidity  of  circulation  of  air  and  -water,  and  this  is  determined  by 
the  diversity  of  temperature  in  different  portions,  and  this  in  its  turn 
by  the  size  of  continents  and  the  height  of  mountains.  Continents  and 
seas  are  two  poles  of  a  circulating  apparatus — at  one  pole  is  condensa- 
tion, at  the  other  evaporation.  In  proportion  to  condensation  are  also 
evaporation  and  circulation.  Now,  there  is  good  reason  to  believe  that, 
amid  many  oscillations,  there  has  been  throughout  all  geological  times 
a  constant  increase  in  the  size  of  continents  and  the  height  of  mount- 
ains. If  so,  then  the  circulation  of  air  and  water  has  been  becoming 
swifter  and  swifter ;  the  life-pulse  of  our  earth  has  beaten  quicker  and 
quicker,  and  therefore  the  waste  and  supply  (erosion  and  sedimenta- 
tion) have  been  greater  and  greater,  f 

*  The  above  estimate  takes  the  average  thickness  of  strata,  and  supposes  it  spread 
evenly  over  the  whole  sea-bottom.  This  is  strictly  admissible  only  if  we  suppose,  with 
Lyell,  that  land  and  ocean  have  often  changed  places,  so  that  every  portion  of  earth-sur- 
face has  received  sediments.  But  if,  as  is  now  most  generally  believed,  the  ocean-basins 
have  remained  substantially  unchanged,  and  sediments  have  accumulated  almost  wholly 
on  their  margins,  then  we  must,  it  is  true,  make  our  measuring  rod,  i.  e.,  the  rate  of 
sedimentation,  much  greater,  but  we  must  also  take  the  sum  of  the  exlrcme  thickness  of 
strata  in  different  localities,  as  the  thing  to  be  measured.  We,  therefore,  make  another 
estimate,  on  this  basis,  following  Mr.  Wallace.  Taking  the  whole  land-surface  (erosion 
area)  at  57,000,000  square  miles,  and  the  sedimentation  area  as  thirty  miles  wide  along  a 
coast-line  of  100,000  miles  (=3,000,000  square  miles),  then  with  an  erosion-rate  of  one 
foot  in  3,000  years,  instead  of  5,000  years,  the  sedimentation  rate  would  be  nineteen  feot 
in  the  same  time,  or  one  foot  in  157  years.  But  the  extreme  thickness  of  strata  is  at 
least  177,000  feet.    This  would  take  23,000,000  years.— (Wallace,  Island  Life,  p.  210.) 

f  It  is  possible  that  the  erosive  effect  of  (ides  in  earliest  geological  times,  far  greater 
than  now,  on  account  of  the  greater  proximity  of  the  moon,  is  an  element  which  should 
not  be  neglected  (Nature,  vol.  x.xxv,  p.  79).  But  this  probably  belongs  to  a  time  ante- 
cedent to  the  recorded  history  of  the  earth. 
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We  therefore  return  to  our  estimate  of  30,000,000  years  with  greater 
confidence  that  it  is  even  far  within  limits  of  probability.  For,  1.  We 
liave  taken  the  average  thickness  of  strata  at  3,000  feet,  while  it  is 
probably  much  more.  2.  We  have  taken  the  Mississippi  as  an  average 
river,  and  therefore  the  present  rate  of  general  erosion  as  one  foot  in 
5,000  years :  it  is  probably  much  less.  3.  We  have  taken  the  rate  of 
erosion  in  previous  epochs  as  the  same  as  now,  while  it  it  is  probably 
much  less,  for  two  reasons  :  1.  The  land-surface  to  be  eroded  was 
smaller ;  and  2.  The  erosive  power  of  water  was  less.  Taking  all  these 
things  into  consideration,  the  time  necessary  to  produce  the  structure 
which  we  actually  find  is  enormously  increased. 

But  even  this  gives  us  no  adequate  conception  of  the  time  involved 
in  the  geological  history  of  the  earth.  For  rocks  disintegrated  into 
soils,  and  deposited  as  sediments,  are  again  reconsolidated  into  rocks, 
lifted  into  land-surfaces,  to  be  again  disintegrated  into  soils,  trans- 
ported and  deposited  as  sediments.  And  thus  the  same  materials  have 
been  worked  over  and  over  again,  perhaps  many  times.  Thus  the  his- 
tory of  the  earth,  recorded  in  stratified  rocks,  stretches  out  in  appar- 
ently endless  vista.  And  still  beyond  this,  beyond  the  recorded  his- 
tory, is  the  infinite  unknown  abyss  of  the  unrecorded.  The  domain  of 
Geology  is  nothing  less  than  (to  us)  inconceivable  or  infinite  time.* 

*  Some  physicists  have  indeed  set  a  much  lower  limit  to  the  age  of  the  earth,  but 
George  Darwin  has  recently  admitted  that  the  data  on  which  the  calculations  are  based 
are  wholly  unreliable  (Nature,  vol.  xlviii,  p.  486,  1893).  Geologists  are  therefore  left 
free  to  make  their  own  calculations  on  their  own  data. 
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PART  III. 
HISTORICAL  GEOLOGY; 

OE,  THE  HISTORY  OF  THE  EVOLUTION  OF  EARTH-STRUCTURE 
AND  OF  THE  ORGANIC  KINGDOM. 


CHAPTER  I. 
GENERAL  PRINCIPLES. 

Geology  is  the  history  of  the  evolution  of  earth-forms,  earth-struct- 
ure, and  earth-inhabitants.  There  are  certain  laws  underlying  all 
development — certain  general  principles  common  to  all  history,  whether 
of  the  individual,  the  race,  or  the  earth.  We  wish  to  illustrate  these 
general  principles  in  the  more  unfamiliar  field  of  geology  by  running 
a  parallel  between  the  history  of  the  earth  and  other  more  familiar 
forms  of  history. 

1.  All  history  is  divided  into  eras,  ages,  periods,  epochs,  separated 
from  each  other  more  or  less  trenchantly  by  great  events  producing 
great  changes.  In  written  history  these  are  treated,  according  to  their 
importance,  in  separate  volumes,  or  separate  chapters,  sections,  etc. 
So  earth-Mstory  is  similarly  divided  into  geological  eras,  ages,  periods, 
etc. ;  and  these  have  been  recorded  by  Nature  in  separate  roch-systems, 
rock-series,  rock-groups,  and  rock- formations.  In  geology  these  terms, 
both  those  referring  to  divisions  of  time  and  those  referring  to  divisions 
of  record,  are  unfortunately  loosely  and  interchangeably  used.  We 
shall  strive  to  use  them  as  definitely  as  possible,  the  eras  and  the  cor- 
responding rock-systems  being  the  primary  divisions,  and  the  others 
subdivisions  in  the  order  mentioned. 

2.  In  all  history  successive  eras,  ages,  periods,  etc.,  usually  graduate 
insensibly  into  each  other,  though  sometimes  the  change  is  more  rapid 
and  revolutionary.  In  individual  history  childhood  usually  graduates 
into  youth,  and  youth  into  manhood;  yet  sometimes  a  remarkable 
event  determines  a  more  rapid  cliange.  In  social  and  political  life,  too, 
successive  phases  of  civilization  embodying  successive  dominant  prin- 
ciples usually  graduate  into  each  other ;  yet  great  events  have  some- 

290 


GENERAL  PRINCIPLES. 


291 


times  determined  excoptionaily  rapid  cluuififes  in  the  direction  or  the 
rate  of  movement.  So  also  is  it  in  geological  history.  The  eras,  pe- 
riods, etc.,  usually  shade  more  or  less  insensibly  into  each  other ;  yet 
there  have  been  times  of  comparatively  rapid  or  revolutionary  change. 
In  all  history  there  are  periods  of  comparative  quiet,  during  which 
forces  of  change  are  gathering  strength,  separated  by  periods  of  more 
rapid  change,  during  which  the  accumulated  forces  produce  conspicu- 
ous effects. 

3.  Ages,  periods,  etc.,  in  all  history,  whether  individual,  political,  or 
geological,  are  determined  by  the  rise,  culmination,  and  decline  of  suc- 
cessively higher  dominant  forces,  principles,  ideas,  functions.  Thus, 
in  individual  development,  we  have  the  culmination,  first,  of  the  nutri- 
tive functions;  then  of  the  reproductive  and  muscular  functions  ;  and, 
last,  of  the  cerebral  functions.  And  in  mental  development,  also,  we 
have  the  culmination,  first,  of  the  perceptive  faculties,  and  memory  ; 
then,  the  imaginative  and  aesthetic  faculties ;  and,  last,  the  reflective 
faculties ;  the  first  gathering  and  storing  material,  the  second  vivifying 
it,  the  third  using  it  in  productive  mason-work  of  science.  In  social 
history,  too,  the  successive  culminations  of  different  phases  of  civiliza- 
tion have  been  the  result  of  the  introduction  and  culmination  of  suc- 
cessive dominant  principles  or  ideas — of  successive  social  forces  or 
functions.  So  has  it  been  in  geological  history.  The  great  divisions 
of  time,  especially  what  are  called  ages^  are  characterized  by  the  intro- 
duction and  culmination  of  successive  dominant  classes  of  organisms, 
for  these  are  the  highest  expression  of  earth-life.  Thus,  in  geology, 
we  have  an  age  of  mollusks,  an  age  of  fishes,  an  age  of  reptiles,  in 
which  these  were  successively  the  dominant  class. 

But  since  (Law  2)  successive  ages  graduate  more  or  less  into  and 
overlap  each  other,  we  might  expect,  and  do  indeed  find,  that  the 
characteristics  of  each  age  commence  in  the  preceding  age.  Each 
age  is  foreshadowed  in  the  previous  age.  The  same  is  true  of  all 
history.    We  may  call  this  the  Laiv  of  Anticipation. 

4.  In  all  history,  at  the  close  of  an  age,  the  characteristic  dominant 
principle  or  class  declines,  but  does  not  perish.  It  only  becomes  sub- 
ordinate to  the  succeeding  dominant  class  or  principle.  Thus,  to  illus- 
trate from  individual  history  :  in  youth,  the  characteristic  faculties  of 
childhood,  viz.,  perception  and  memory,  decline,  and  become  subordi- 
nate to  the  higher  faculty  of  imagination,  and  this  in  turn  becomes 
subordinate  to  the  still  higher  faculty  of  productive  thought;  and  thus 
the  whole  organism  becomes  higher  and  more  complex,  each  stage  of 
development  including  not  only  its  own  characteristic,  but  also,  in  a 
subordinate  degree,  those  of  all  preceding  stages.  The  same  is  true  of 
social  history.  Each  stage  of  social  development  absorbs  and  includes 
the  social  principles  and  forces  characteristic  of  previous  stages,  but 
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subordinates  them  to  the  higher  principles  which  form  its  own  char- 
acteristic, and  thus,  the  social  organism  becomes  ever  higher,  more 
complex,  and  varied. 

So  it  is  also  in  geologic  history.  When  the  dominance  of  any  class 
declines  at  the  end  of  an  age,  the  class  does  not  disappear,  but  remains 
subordinate  to  the  next  succeeding  and  higher  dominant  class,  and  the 
organic  kingdom,  as  a  whole,  becomes  successively  more  and  more 
complex  and  varied.  This  is  graphically  represented  by  the  accom- 
panying diagram,  in  which  we  have  five  successive  ages  determined  by 
the  culmination  of  as  many  successive  dominant  classes. 


Fig.  257. — Diagram  illiistraling  the  Rising,  Culmination,  and  Decline  of  SucceeBive  Dominant 
Classes,  and  the  Increasing  Complexity  of  the  whole. 

6.  There  are  two  modes  of  determining  and  limiting  eras,  ages, 
periods,  etc.,  in  geology,  viz.,  unconformity  of  the  rock-system  and 
change  in  the  life-system.  In  written  human  history,  the  divisions  of 
time  are  recorded  in  separate  volumes,  chapters,  sections,  with  boards 
or  blank  spaces  between.  These  divisions  in  the  record  ought  to  cor- 
respond to  conspicuous  changes  in  the  character  of  the  most  important 
contents.  So,  in  the  history  of  the  earth,  the  rock-systems,  rock-series, 
rock-formations,  are  volumes,  chapters,  sections,  respectively,  more  or 
less  completely  separated  from  each  other  by  unconformity,  indicating 
blanks  in  the  known  record ;  and  the  most  important  changes  in  the 
contents,  i.  e.,  in  the  life-system,  ought  to,  and  usually  do,  correspond 
with  the  unconformity  of  the  rock-system.  But  if  there  should  be  (as 
there  is  in  some  limited  localities)  a  discordance  between  these  two, 
we  should  follow  the  life-system  rather  than  the  rock-system,  the  con- 
tents rather  than  the  artificial  divisions  of  the  record. 

6.  As  in  human  history  there  is  a  general  onward  movement  of  the 
race,  and  yet  special  modifications  in  character  and  rate  in  each  coun- 
try ;  so  in  geology  there  has  been  a  general  march  of  evolution  of  the 
whole  earth  and  the  organic  kingdom,  and  yet  special  modifications  in 
character  and  rate  in  each  continent,  and  to  a  less  extent  in  different 
portions  of  the  same  continent.  The  great  eras,  ages,  and  periods,  be- 
long to  the  whole  earth  alike,  and  are  the  same  in  all  countries,  but  the 
epochs  and  the  smaller  divisions  of  time,  though  similar,  are  probably 
not  contemporaneous  in  different  countrdes.  This  fact  hits  probably 
been  too  much  overlooked  by  geologists.  The  term  homotaxy  is  used 
to  express  identity  in  the  stage  of  evolution,  as  synchronism  is  used 
for  identity  of  time. 
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Great  Divisions  and  Subdivisions  of  Time— Eras.— It  is  upon  these 
principles  that  geologists  have  established  the  divisions  of  ti7ne  and 
the  corresponding  divisions  of  strata. 

The  whole  history  of  the  earth  is  divided  into  five  eras,  with  corre- 
sponding rock-systems.  These  are :  1.  Archmozoic  *  era,  embodied  in 
the  Archfean  system ;  2.  Palcnozoic]  era,  embodied  in  the  Palaeozoic 
system ;  3.  Mesozoic  |  era,  recorded  in  the  Mesozoic  system ;  4.  Ceno- 
zoic,^  recorded  in  the  Tertiary  and  Quaternary  systems ;  and,  5.  The 
Psychozoic  era,  or  era  of  Mind,  recorded  in  the  recent  system. 

These  grand  divisions,  with  the  exception  of  the  last,  are  founded 
on  an  almost  universal  unconformity  of  the  rock-system,  and  a  very 
great  and  apparently  sudden  change  in  the  life-system,  a  change  affect- 
ing not  only  species  but  also  genera,  families,  and  even  orders.  Be- 
tween the  last  and  the  preceding,  it  is  true,  neither  the  unconformity 
of  the  rock-system  nor  the  change  in  the  life-system  is  so  great  as  in 
the  others;  but  the  introduction  of  man  upon  the  scene  and  the  sweep- 
ing changes  which  are  now  going  on  through  his  agency  are  deemed 
sufficient  to  make  this  one  of  the  grand  divisions  of  time.|| 

We  have  already  seen  (p.  187)  that  unconformity  is  the  result  of 
deposit  of  strata  on  old  eroded  land-surfaces,  and  that  it  therefore 
always  indicates  an  oscillation  of  the  crust,  and  an  emergence  and  sub- 
mergence of  land.  In  every  such  case,  as  already  explained,  a  portion 
of  the  record  is  lost,  which  may  or  may  not  be  recovered  elsewhere. 
It  is  certain  that  if  the  lost  leaves  could  be  all  recovered,  and  the 
record  made  complete,  the  suddenness  of  the  break  in  the  life-system 
would  disappear.  Nevertheless,  it  is  also  certain  that  these  general 
unconformities  indicate  times  of  great  change  in  physical  geography, 
and  therefore  of  climate,  and  therefore  of  rapid  changes  of  organic 
forms ;  and  therefore,  also,  they  mark  the  natu^ral  boundaries  of  the 
great  divisions  of  time. 

Ages. — Again,  the  whole  history  of  the  earth  is  otherwise  divided 
into  seven  ages,  founded,  with  perhaps  the  exception  of  the  first,  on  the 
culmination  of  certain  great  classes  of  organisms.  These  are  :  1.  The 
Archcean  or  Archmzoic  Age,  represented  by  the  Archaean  system  of 
rocks ;  3.  The  Age  of  Mollushs,  or  Age  of  Invertebrates,  represented  by 
tlie  Cambrian,  Ordovican,  and  Silurian  rocks ;  3.  The  Age  of  Fishes, 
represented  by  the  Devonian  rocks  ;  4.  The  Age  of  Acrogens,  or  the  Age 
of  Amphibians,  represented  by  the  Carboniferous  rocks;  5.  The  Age 
of  Reptiles,  represented  by  the  Mesozoic  rocks;  6.  The  Age  of  Mam- 
mals, by  the  Cenozoic ;  and,  7.  The  Age  of  Man,  by  the  recent 
rocks. 


*  Ancient  animal  life.  f  Old  life.  X  ^liddlc  life.  »  Recent  life. 

II  Foi-  a  full  discussion  of  the  subject  see  Bull.  Geol.  Dept.  of  Univ.  of  Cul.,  No.  II. 
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In  the  accompanying  diagram  (Fig.  258),  vertical  height  represents 
the  whole  course  of  time,  the  strong  horizontal  lines  divide  this  into 
eras,  while  the  lighter  lines,  where  necessary,  separate  the  ages.  The 
sliaded  spaces  represent  the  origin,  the  increase  and  decrease,  in  the 
course  of  time,  of  the  great  dominant  classes  of  animals  and  plants. 
To  illustrate :  The  class  of  reptiles  commenced  in  the  uppermost  Car- 
boniferous increased  to  a  maximum  in  the  Secondary,  or  Mesozoic,  and 
again  decreased  to  the  present  time.  It  will  be  seen  that  the  ages 
correspond  with  the  eras,  except  in  the  case  of  the  Palseozoic  era. 
This  long  and  diversified  era  is  clearly  divisible  into  three  ages. 

Plants. 


Animals. 


Age  of  Man. 


Age  of 
Mammals. 


Age  of 
Keptiles. 


Age  of 
Acrogens. 


Age  of 

Fishes. 


Age  of  In- 
vertebrates. 


Archaean 

Age. 


Psychozoic. 


Cenozofc. 


Meeozoic. 


Palaeozoic. 


.A.rchaeozoic. 


Fig.  35<<. 


Subdivisions — The  subdivisions  of  eras  and  ages  into  periods  and 
epochs  are  founded,  as  already  explained  (p.  208),  on  less  general  un- 
conformity in  the  rock-system,  and  less  conspicuous  changes  in  the 
life-system.  The  names  of  periods  are  often,  and  of  epochs  are  nearly 
always,  local,  and  therefore  different  in  different  countries.  "We  will, 
of  course,  use  those  appropriate  to  American  geology.  The  table  on 
page  209  represents,  as  far  as  periods,  the  classification  used  in  this 
country.  We  have  added  epochs  only  in  the  uppermost  part,  viz.,  in 
the  Tertiary  and  Quaternary. 

We  give,  also  (Fig.  259),  an  ideal  diagram  of  the  principal  groups 
of  strata  which  we  shall  notice,  in  the  order  of 
their  superposition,  with  some  examples  of  char- 
acteristic fossils,  indicating  also  the  principal  places 
of  general  unconformity. 

The  terms  used  for  the  divisions  of  time,  and 
corresponding  divisions  of  rocks,  are  shown  in  the 
accompanying  schedule : 


Time. 

Rocks. 

Eras  I 
Ages  \ 
Periods . . 
Epochs  . . 

Systems. 

Scries. 
Groups. 
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Order  of  Discussion- 
Many  geologists  take  up 
the  several  epochs  and 
periods  of  the  history  of 
the  earth  in  the  inverse 
order  of  their  occurrence. 
Commencing  with  a  thor- 
ough discussion  of  "  causes 
now  in  operation^''  i.  e., 
geological  history  of  the 
present  time,  as  that  which 
is  best  known,  they  make 
this  the  basis  for  the  study 
of  the  epoch  immediate- 
ly preceding,  and  which, 
therefore,  is  most  like  it. 
Having  acquired  a  knowl- 
edge of  this,  the  student 
passes  to  the  preceding, 
and  so  on.  This  has  the 
great  advantage  of  pass- 
ing ever  from  the  better 
known  to  the  less  known, 
which  is  the  order  of  in- 
duction. Other  geologists 
prefer  to  follow  the  natu- 
ral order  of  events.  This 
has  the  great  advantage  of 
bringing  out  the  philoso- 
phy of  the  history  —  the 
law  of  evolution.  The 
first  method  is  the  best 
method  of  investigation ; 
the  second  method  is  the 
best  method  of  presenta- 
tion. 

As  in  human  history, 
so  in  the  geological  histo- 
ry, the  recorded  events  of 
the  earliest  times  are  very 
few  and  meager,  but  be- 
come more  and  more  nu- 
merous and  interesting  as 
v/e  approach  the  present 


Recent. 

Quator- 


o 

<! 
(1< 


ta 
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T«pir,  Peccary,  BUon,  Llama 
Megatherium,  Uyludm,  EUjiluu. 


Plioliippus  Beds. 

PUohippue,  Miutodorif  Boe,  etc. 


Miohipptis  Beds. 

Miokijipus,  DieercUherium,  Thinohyut. 

Orcodoii  l?ed8. 

Edentatoa,  Ilycsiwdon,  Ilyracodon. 

Bioiitotheriiiin  Beds. 

Mesohipput,  Menodut^  Elotherium. 


Dipliicodon  Beds. 

Epikippuji,  Aiuyitodm,  . 
Dinoceras  Beds. 

TinoccraSj  Uintallierium.  Limnohyue, 
Orvhippuft,  llfjaletet,  Cohiwceras. 

Coryphodon  Beds. 
Eohippwi,  Monkeys,  Carnivores,  Ungu- 
lates, Tillodont's,  Rodeuta,  Serpenta. 

Triceratope. 


Laramie  Series. 


Upper  Cretaceous  of  N.  J. 

HadmsauTue,  DryptoeaUTUs. 


Pteranodon  Beds. 
Birds  with  Teeth,  Ilesperornin,  IcJtthy- 
ornia.  Mosasaurs,  Pterodac- 

tyls, Flesiosaurs. 


Dakota  Group. 


Comanche  Group. 


Atlantos  iurus  Beds. 

Dinosaurs,  Apatosaurua,  Alloeaurtu^ 
NanoaauTua.   Turtles.  Diptoaaurua. 


Connecticut  River  Beds. 

First  Mammals  (Marsupials),  {Drortta- 
t/ierium). 

Dinosaur    Footprints,  Amphiaamua, 
'  ffii-raitrua.    *  rocodiles  l /?eWoH\ 


Permian. 
First  Reptiles, 


Coal-Measures. 


Subcarboniferons. 

First  known  Amphibians  (Labyrin- 
thodonts). 


Hamilton. 
Comiferons. 

Schoharie  Grit. 
First  Fish  Fauna. 


Upper  Silurian. 

A  Few  Fishes. 
Lower  Silurian. 


Primordial. 


Huronlan. 


Laurentian. 


No  Vertebrates 
except  in  tlie 
Upper  Part. 


No  Verte- 
brates. 


No  Distinct 
Organic 
Hemains. 


Fio.  25.').- -Section  of  the  Earth's  Crust,  to  illustrate  Verte- 
brate Life  in  America.   (Slightly  modiacd  from  Marsh.) 
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time.  Our  account  of  the  Archasan  era  will,  therefore,  be  quite  gen- 
eral, and  will  not  enter  into  any  subdivisions,  although  this  era  was 
very  long.  In  the  next  era  we  will  go  into  the  description  of  the 
several  ages,  in  the  next  into  the  periods,  and  in  the  next  even  into 

the  epochs. 

Prehistoric  Eras. — Previous  to  even  the  dimmest  and  most  imper- 
fect records  of  the  history  of  the  earth  there  is,  as  already  said  (p.  289), 
an  infinite  abyss  of  the  unrecorded.  This,  however,  hardly  belongs 
strictly  .to  geology,  but  rather  to  cosmic  philosophy.  We  approach  it 
not  by  written  records,  but  by  means  of  more  or  less  probable  general 
scientific  reasoning.  We  pass  on,  therefore,  without  pause  to  the  low- 
est system  of  rocks  containing  the  record  of  the  earliest  era. 


CHAPTER  II. 
ARCH^AN  SYSTEM  OF  ROCKS  AND  ARCHjEAN  ERA. 

It  is  one  of  the  chief  glories  of  American  geology  to  have  estab- 
lished this  as  a  distinct  system  of  rocks  and  a  distinct  era. 

It  had  long  been  known  that  beneath  the  lowest  Palaeozoic  rocks 
there  still  existed  strata  of  unknown  thickness,  highly  metamorphic 
and  apparently  destitute  of  fossils.  These  had  been  usually  regarded 
as  lowermost  Palaeozoic — as  the  earliest  defaced  leaves  of  the  Palaso- 
zoic  volume.  But  the  study  of  the  Canadian  rocks,  by  Sir  William 
Logan,  revealed  the  existence  of  an  enormous  thickness  of  highly-con- 
torted, metamorphic  strata,  everywhere  unconformable  with  the  overly- 
ing Primordial  or  Cambrian.  More  recent  observations  show  this  re- 
lation not  only  in  Canada,  but  also  in  New  York,  on  Lake  Superior,  in 
Nebraska,  Dakota,  Montana,  Idaho,  Wyoming,  Colorado,  Utah,  Nevada, 
Texas,  New  Mexico,  and  Arizona.  Nor  is  it  confined  to  our  own  coun- 
try, for  the  same  unconformable  relation  has  been  found  by  Murchison 
on  the  west  coast  of  Scotland,  between  the  lowest  Cambrian  and  an 
underlying  gneiss,  evidently  corresponding  to  the  Laurentian  of  Can- 
ada. Similar  rocks,  and  in  similar  unconformable  relation,  have  been 
found  underlying  the  primordial  in  Bohemia,  and  also  in  Sweden  and 
Bavaria,  and  many  other  places.  Such  general  unconformity  shows 
great  and  wide-spread  changes  of  physical  geography  at  this  time,  and 
therefore  marks  a  primary  division  of  time.  There  seems  no  longer 
any  doubt,  therefore,  that  it  should  be  regarded  as  a  distinct  system.* 


*  Van  Hise  and  others  of  the  United  States  Geological  Survey  call  Archa-an  only  the 
granite  and  gneiss  complex  at  the  base,  containing  no  quartzite,  nor  limestone,  nor  iron 
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The  following  figures  (3G0,  2G1,  262)  give  the  relation  between  the 
Palfeozoic  and  the  Archasan  in  New  Mexico,  in  Canada,  and  in  Scot- 
land. 


Fia  200.— Section  across  Santarita  Monnlain,  New  Mexico:  c.  Carboniferous;  S,  Silurian;  A, 
ArcliiBun;  m,  metuUifcrous  vein  (after  GilbertJ. 


These,  then,  are  the  oldest  knoion  rocks.  They  form  the  first  vol- 
ume of  the  recorded  history  of  the  earth.  Yet  they  evidently  are  not 
the  absolute  oldest ;  evidently  they  do  not  constitute  any  part  of  the 


1  2 


Fill.  261.— Section  showing  Primordial  unconformable  on  the  Archaean:  1,  Archaean  or  Laurentian; 
2,  Primordial  or  Lowest  SUuriau  (after  Logan). 

primitive  crust.  For  they  are  themselves  stratified  or  fragmental  rocks, 
and  therefore  formed  from  the  debris  of  other  rocks  still  older  than 
themselves;  and  these  last  possibly  from  still  older  rocks.  Thus,  we 
search  in  vain  for  the  so-called  primary  rocks  of  the  original  crust. 


Fio.  263.— Diagram  Section,  showing  the  Structure  of  the  North  Highlands:  a,  Archaean  Gneiss; 
b,  Pre-Cambrian;  c,  Cambrian;  d,  Silurian  (Jukes). 

Thus  is  it  with  all  history.  No  history  is  able  to  write  its  own  begin- 
ning. 

Rocks. — There  is  nothing  very  characteristic  in  the  rocks  of  the 
Archaean  system,  except  their  extreme  and  universal  metamorphism. 
They  do  not  differ  very  conspicuously  from  metamorphic  rocks  of  other 
periods;  consisting  probably  of  altered  sandstones,  limestones,  and 
clays.  They  are  all,  however,  very  much  contorted  and  very  highly 
metamorphic.    In  Canada  they  consist  mainly  of  the  schist  series, 


ore,  nor  certain  evidences  of  any  kind  of  sedimentary  origin.  Tliis  they  regard  as  a 
primitive  crust.  All  other  pre-Canibrian  roclca  they  call  Algonlcian.  In  the  upper  parts 
of  these  are  found  some  fossils.  They  call  the  age,  therefore,  I'roferozoic.  In  this  worlc 
all  pro-Cambrian  roclts  are  called  Archisan.  The  age  may  well  be  called  Archeozoic, 
after  Dana. 


29.8 


ARCII^AN  SYSTEM  OF  ROCKS 


passing  on  the  one  hand  into  gneiss,  and  on  the  other  into  hornblcndic 
gneiss  ;  of  sandstones,  passing  into  quartzitcs  ;  and  of  limestones,  pass- 
ing into  marbles.  Tliese  together,  in  Canada,  form  a  series  of  rocks  at 
least  50,000  feet  thick. 

Interstratified  with  these  are  found  immense  beds  of  iron-ore  100  or 
more  feet  thick,  and  great  quantities  of  graphile,  sometimes  impi-eg- 
nating  the  rocks,  and  sometimes  in  pure  seams.    In  rocks  of  this  age 


Fig.  203. — Contortion  of  Liiureutiau  Strata  (after  Logan). 


occur  the  great  iron-beds  of  Missouri,  of  New  Jersey,  of  Lake  Superior, 
and  of  Sweden  ;  and  probably  the  mountains  of  iron  recently  found  in 
Utah.*  The  quantity  of  iron  found  in  these  strata  is  far  greater  than 
in  any  other.    It  may  well  be  called  the  Age  of  Iron. 

t       -i  i, 
Fig.  265. 

The  above  figures  show  the  contortion  of  the  strata  (Fig.  263),  and 
the  mode  of  occurrence  of  the  iron  (Figs.  264,  265). 

Area  in  North  America. — 1.  These  strata  cover  the  greater  portion 
of  Labrador  and  Canada,  and  then,  turning  northwestward,  extend  to  an 
unknown  distance,  but  probably  to  the  Arctic  Ocean.  The  area  forms 
a  broad  V,  within  the  arms  of  which  is  inclosed  Hudson's  Bay.  It  may 
be  seen  on  maps,  pp.  .302  and  303.  This  is  the  most  extensive  area  known 
on  the  continent.  2.  On  the  eastern  slopes  of  the  Appalachian  chain 
undoubted  patches  are  found  as  far  south  as  Virginia,  and  a  larger 
area  in  this  region  is  referred  with  much  probability  to  the  same.  This 
is  shown  on  map,  p.  302.  Its  further  extension  southward  along  the 
chain  is  still  doubtful,  though  probable.  3.  In  the  Rocky  Mountain 
region  extensive  lines  and  areas  of  outcrop  are  known,  trending  in  the 
general  direction  of  the  chain,  and  forming  the  axis  of  the  great  ranges. 
4.  Several  small  patches  are  also  found  scattered  about  in  the  basin  of 
the  Mississippi,  apparently  exposed  by  erosion. 

Doubtless  the  Archasan  rocks  are  far  more  extended,  but  covered 
and  concealed  by  other  and  later  rocks.  The  area  mentioned  is  the 
area  of  surface-exposure.    It  represents  so  much  of  Archtean  sea-bot- 


*  Newberry,  Genesis  of  Iron-Ores,  School  of  Mines  Quarterly,  1880. 
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torn  as  was  subsequently  raised  into  land,  and  not  afterward  again 
covered  by  sediments ;  or,  if  so  covered,  again  exposed  by  erosion. 

Physical  Geography  of  Archssan  Times.— As  these  are  stratified 
rocks,  they  must  have  been  formed  from  the  debris  of  still  older  rocks 
forming  tlae  land  of  that  time.  But  as  they  are  the  oldest  known  rocks, 
wo  know  nothing  of  the  position  of  the  land  from  which  they  were 
formed.  But  since,  during  the  rest  of  the  geological  history,  the  con- 
tinent has  developed  from  the  north  toward  the  south,  it  seems  most 
probable  that  this  earliest  land  lay  still  farther  north,  perhaps  in  the 
North  Atlantic  region,  and  disappeared  when  the  Archaean  area  was 
elevated  into  land. 

Time  represented. — The  enormous  thickness  of  these  rocks  (50,000 
feet  in  Canada,  and  still  greater  in  Bohemia  and  Bavaria)  certainly  in- 
dicates a  very  great  lapse  of  time.  It  is  probable  that  the  Archaean 
era  is  longer  than  all  the  rest  of  the  recorded  history  of  the  earth  put 
together;  and  yet,  precisely  as  in  the  beginnings  of  human  history,  the 
record  is  almost  a  blank.    The  events  are  few,  and  imperfectly  recorded. 

Evidences  of  Life. — We  have  already  explained  (p.  150)  how  iron- 
ore  is  at  present  accumulated.  We  have  there  shown  that  all  accumu- 
lations of  this  kind  now  going  on  are  formed  by  the  agency  of  organic 
matter.  It  is  almost  certain  that  the  same  is  true  for  all  times,  and 
therefore  that  iron-ore  accumulations  are  the  sign  of  the  existence  of 
organic  matter,  and  the  quantity  of  the  ore  accumulated  is  a  measure 
of  the  amount  of  organic  matter  consumed  in  doing  the  work.  Tlie 
immense  beds  of  iron-ore  found  in  the  Archajan  rocks  are,  therefore, 
evidence  of  the  existence  of  organisms  in  great  abundance.  That  these 
organisms  were  cJiiefly  vegetable^  we  have  the  further  evidence  derived 
from  the  great  beds  of  graphite  ;  for  graphite,  as  we  shall  see  hereafter, 
is  only  the  extreme  term  of  the  metamorphism  of  coal. 

Of  the  existence  of  animal  oi-ganisms  the  evidence  is  not  yet  com- 
plete, although  it  is  probable  that  the  lowest  forms  of  Protozoa,  such 
as  rhizopods,  were  abundant.  We  have  seen  that  limestones  are  abun- 
dant among  the  Archsean  rocks.  Now,  the  limestones  of  subsequent 
geological  epochs  are  almost  wholly  composed  of  the  accumulated  shelly 
remains  of  lower  organisms,  especially  nullipores  and  coccoliths  among 
plants,  and  rhizopods  among  animals. 

The  existence  of  rhizopods  is  believed  by  some  to  have  been  dem- 
onstrated. There  have  been  found  abundantly,  in  the  Laurentian 
limestones  of  Canada,  of  Bohemia,  of  Bavaria,  and  elsewhere,  large,  ir- 
regular, cellular  masses,  which  are  believed  by  good  authorities  to  be 
the  remains  of  a  gigantic  foraminiferous  rhizopod.  The  supposed 
species  has  been  called  Eozoon  *  Canadense.    Fig.  266  is  a  section  of 


*  Dawn  animal. 
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an  Eozooiial  nuass,  natural  size,  in  which  the  wliite  is  calcareous  mat- 
ter supposed  to  have  been  secreted  by  the  rhizopod,  and  the  dark  cor- 
responds to  the  supposed 
animal  matter  of  the  rhiz- 
opod itself. 

There  lias  been,  and  is 
still,  much  discussion  as  to 
the  organic  or  mineral  na- 
ture of  tliese  curious  struct- 
ures. If  these  irregular 
masses  be  indeed  of  ani- 
mal origin,  it  is  evident 
that  they  belong  to  the 
lowest  forms  of  compound 
protozoa  —  lower  far  than 
the  symmetrically  -  formed 
foraminifera  of  later  times. 
It  is  precisely  in  such  al- 
most amorphous  masses  of 
protoplasmic  matter  that, 
according  to  the  evolution  hypothesis,  the  animal  kingdom  might  be 
expected  to  originate.  But  their  organic  origin  is  not  now  generally 
admitted. 

Some  very  obscure  tracings,  suggesting  the  possible  existence  of 
marine  worms,  have  been  found  both  in  Canada  and  in  Bohemia;  but 
as  yet  we  have  no  reliable  evidence  of  any  animals  higher  than  the 
protozoa.  It  is  impossible  to  say  that  other  animals  of  low  form  did 
not  exist;  yet  the  absence  of  any  reliable  trace  in  rocks  not  more 
metamorphic  than  some  of  the  next  era,  which  are  crowded  with 
fossils  of  many  kinds,  seems  to  indicate  a  paucity,  if  not  an  entire 
absence,  at  this  time,  of  such  animals.  Recently  radiolarians,  fora- 
minifera, and  sponges  have  been  found  in  Brittany  in  rocks  of  supposed 
pre-Cambrian  age*  Also  Walcott  finds  in  the  Grand  Cafion  walls  be- 
low the  lowest  Cambrian  (Olenellus  zone)  remains  of  even  brachiopods 
and  trilobites.f  But  the  pre-Cambrian  age  of  these  rocks  is  perhaps 
doubtful. 


Fig.  266.— Section  of  the  Base  of  Specimen  of  EozoOn, 
X  §.   From  a  photograph.   (After  Prestwich.) 


*  Gool.  Mac,  vol.  i,  p.  417,  1894 ;  Am.  Nat.,  vol.  xxx,  p.  53,  1896. 
t  Bull.  U.  S.  Geol.  Soc,  No.  86,  pp.  409-492,  1892. 
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CHAPTER  III. 
PALEOZOIC  SYSTEM  OF  ROCKS  AND  PALjEOZOIO  ERA. 

General  Description. 

This  is  a  distinct  system  of  rocks,  revealing  a  distinct  time-ivorld — 
a  distinct  rock-system,  containing  the  record  of  a  distinct  life-system. 
Tlie  rock-system  is  distinct,  being  everywhere  unconformed  to  the 
ArcJman  below  and  the  Mesozoic  above — a  bound  volume — volume 
second  of  the  Book  of  Time.  The  life-system  is  also  equally  distinct, 
being  conspicuously  different  from  that  which  precedes  and  that  which 
follows.  Whatever  of  life  existed  before,  its  record  is  too  imperfect  to 
give  us  a  clear  conception  of  its  character.  But  in  the  Palaeozoic  the 
evidences  of  abundant  and  very  varied  life  are  clear ;  more  than  20,000 
species  having  been  described.  It  stands  out  the  most  distinct  era  in 
tlie  whole  history  of  the  earth.  The  Archaean  must  be  regarded  as  the 
mythical  period.  Here,  with  the  Palaeozoic,  commences  the  true  dawn 
of  history. 

Rocks — Thickness,  etc. — The  rocks  of  this  system,  although  less 
powerful  than  the  preceding,  are  also  of  enormous  thickness  compared 
with  those  of  later  geological  times,  being  in  the  Appalachian  region 
about  40,000  feet ;  in  Nevada,  about  40,000  feet ;  in  the  Wahsatch 
Mountains,  33,000  feet  (King).  But  these  extreme  thicknesses  are 
more  local  than  in  the  case  of  the  Archaean.  It  is  believed  that  we  are 
safe  in  saying  that  the  time  represented  by  them  is  equal  to  all  subse- 
quent time  to  the  present. 

There  is  nothing  very  characteristic  in  the  rocks  composing  Palaeo- 
zoic strata,  though  the  practiced  eye  may  often  distinguish  them  by 
their  lithological  character.  Though  strongly  folded  and  highly  meta- 
morphic  in  some  regions,  these  characters  are  not  so  universal  as  in 
the  Archaean. 


Fig.  267.  -Ideal  Section  north  and  pnnth  from  Oannda  to  Pennsylvania:  A.  Arcluoan;  Ca,  Cambrian; 
LS  and  US,  Silurian;  />,  Devonian;  C,  Carboniferous. 

In  the  United  States  the  rocks  of  the  whole  system  are  often  con- 
formable— for  example,  in  New  York  and  in  Utah.  In  Europe,  on  the 
contrary,  the  principal  divisions  are  usually  unconformable.  In  this 
country,  therefore,  the  subdivisions  are  founded  almost  wholly  on 
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change  in  the  life-system ;  while  in  Europe  the  same  subdivisions  are 
founded  on  unconformity  of  the  rock-system,  as  well  as  change  in  the 
life-system.    Further,  in  this  country,  in  passing  from  Pennsylvania, 


through  New  York,  into  Canada,  we  pass  over  the  outcropping  edges 
of  the  whole  system,  from  the  highest  to  the  lowest,  and  finally  on  to 
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the  Archa3an  (Fig.  2G7).  This,  taken  in  connection  with  the  con- 
formity of  the  rocks,  shows  tliat  during  the  Palaaozoic  the  continent  in 
this  part  was  successively  developed,  from  the  north  toward  the  south, 
by  bodily  upheaval  of  the  Archtean  area  and  successive  exposure  of 
contiguous  sea-bottom.  In  Europe  the  oscillations  seem  to  have  been 
more  frequent  and  violent. 

Fig.  267  is  a  section  from  Pennsylvania  to  Canada,  showing  the 
relation  of  the  subdivisions  to  each  other,  and  the  manner  in  which 
they  lie  on  the  Archaean.  This  will  be  better  understood  if  the  map 
(Fig.  271)  on  page  309  be  at  the  same  time  carefully  examined. 

Area  in  the  United  States. — The  area  in  the  Eastern  United  States 
in  which  the  country  rock  belongs  to  this  system  is  seen  in  the  map 
above  (Fig.  268).  It  may  be  stated  roughly  to  embrace  all  that  part 
included  between  the  Great  Lakes  on  the  north,  the  Blue  Ridge  of  the 
Appalachian  chain  on  the  east,  the  Prairies  on  the  west,  and  Middle 
Alabama  and  Southern  Arkansas  on  the  south.  It  includes  the 
richest  portion  of  our  country.  Besides  this  great  continuous  area 
there  are  also  areas  of  imperfectly  known  size  and  shape  in  the  Eocky 
Mountain  region,  and  on  either  side  of  the  Sierra  Nevada. 

Physical  Geography  of  the  American  Continent. — At  the  beginning 
of  the  Palaeozoic  era  (Primordial)  the  land  was  substantially  the  Archce- 


Fio.  269.— Map  of  Primordial  Times:  Black,  existing  seaa  and  lakes;  lifjlit  tliado.  portions  of  the 
continent  then  covered  by  sea;  white  areas,  then  land;  when  limits  doubtful,  surrounded  by- 
dotted  line.  In  case  of  area  2  the  land  extended  beyond  the  present  shore-line  to  un  uuknowa 
distance,  represented  by  the  white  dotted  line. 

«n  area,  already  described,  j)hi.s  certain  areas  of  Archjean  rocks  which 
were  then  land,  but  have  been  subsequently  covered  by  later  deposits 
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—mimis  certaiu  Archaean  areas  which  have  been  subsequently  exposed 
by  erosion.  The  map  (Fig.  309)  *  is  an  attempt  to  represent  approxi- 
mately the  continent  of  that  time.  It  consisted  (1)  of  a  great  Norlhern 
land-mass  corresponding  roughly  to  the  Canadian  V-  shaped  Archaiau 
area.  (2)  An  Eastern  land-mass,  including  the  Appalachian  Archaean 
area,  but  extending  far  beyond  it  to  the  eastward  (for  the  coast  strata 
here  are  Cretaceous  and  Tertiary,  resting  directly  on  Archaean,  without 
any  Palseozoic  between),  and  probably  beyond  the  present  limits  of  the 
continent.  This  is  shown  by  the  white  dotted  line.  It  possibly  con- 
nected in  North  Atlantic  region  with  mass  No.  1.  (3)  A  large  Western 
land-mass  of  unknown  shape  and  size  in  the  Basin  region.  (4)  A 
large  land-mass  in  the  region  of  the  Colorado  and  Park  ranges.  There 
are  still  other  small  Archsean  areas,  but  these  were  probably  not  land 
at  that  time,  but  have  been  exposed  by  erosion.  Between  these  land- 
masses  on  the  north,  the  east,  and  the  west,  there  was  an  immense  sea 
— the  great  interior  Palmzoic  Sea. 

The  reason  for  thinking  that  the  Eastern  land-mass  was  an  exten- 
sive one  is  the  immense  thickness  of  Palaeozoic  sediments  which  ac- 
cumulated in  the  sea  along  its  western  border.  The  reason  for  think- 
ing that  there  was  a  large  strip  of  land  in  the  Basin  region  is,  because 
in  a  large  part  of  that  region  the  Mesozoic  rocks  rest  directly  and  un- 
conformably  on  Archgean,  the  wliole  PalcBOzoic  being  zuanting. 

This  was  the  continent  at  the  begiiming  of  the  Palaeozoic  era. 
From  this  as  a  nucleus  the  continent  somewhat  steadily  developed 
until  the  whole  of  the  Palaeozoic  area  was  added  to  it,  and  the  con- 
tinent became  perhaps  somewhat  like  that  represented  on  page  486,  as 
the  continent  of  Cretaceous  times.  In  this  development  the  Canadian 
shore-line  advanced  steadily  southward,  but  the  shore-line  of  the  eastern 
land  mass  was  almost  stationary.  This  accounts  for  the  great  thickness 
of  sediments  along  that  line. 

If  we  compare  the  Palaeozoic  rocks  of  the  Appalachian  region  with 
the  same  in  the  central  portion  of  the  Mississippi  basin,  we  observe  the 
following  changes  as  we  go  westward  :  [a)  The  rocks  in  the  Appalachian 
region  are  highly  met  amor pliic  ;  as  we  go  westward,  they  become  less 
and  less  so,  until  in  the  region  about  the  Mississippi  Eiver  they  are 
wholly  unchanged,  (b)  In  the  Appalachian  region  they  are  strongly 
and  complexly  folded  ;  as  we  go  west,  these  folds  pass  into  gentle 
undulations,  which  die  away  into  horizontality  (see  section,  Fig.  229, 
on  p.  263).  (c)  In  the  Appalachian  region  they  are  about  40,000  feet 
thick  ;  as  we  go  west,  they  thin  out  until  the  whole  series  is  only 

*  A  map  similar  to  the  above,  but  containing  also  small  scattered  patches  of  Archa?an 
exposures,  is  sometimes  spoken  of  as  an  Archwan  map  of  North  America,  or  map  of 
Archoean  land.  It  must  be  borne  in  mind,  however,  that  it  represents  indeed  land  of 
Archa;an  strata,  but,  for  that  very  reason,  not  of  Archtean  time,  but  of  Primordial  time. 
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4,000  feet  at  the  Mississippi,  (d)  In  the  Appalachian  region  grits  and 
sandstones  and  shales  predominate  greatly  over  limestones;  as  we  go 
west,  the  proportion  of  limestones  increases,  until  these  are  the  predomi- 
nating rocks.  These  four  changes  are  closely  connected  with  each 
other,  and  all  with  the  formation  of  the  Appalachian  chain,  as  we  have 
already  explained  in  the  chapter  on  Mountain-Formation  (p.  2G9). 

Subdivisions. — The  Palteozoic  era  is  divided  into  three  ages,  which 
are  embodied  in  three  subordinate  rock-systems.  These  ages  are  each 
characterized  by  the  dominance  of  a  great  class  of  organisms.  They 
are :  1.  The  Age  of  Invertebrates,  or  sometimes  called  Age  of  Mol- 
lusks,  in  the  Lower  Palseozoic  system,  including  the  Cambrian  and 
Silurian;  3.  The  Age  of  Fishes,  in  the  Devonian  system;  and,  3.  The 
Age  of  Acrogens  and  Amphibians,  in  the  Carboniferous  system.  These 
are  three  chapters  in  the  Palaeozoic  volume. 

These  three  systems  are  generally  conformable  with  each  other  in 
the  Pal^ozoics  of  the  United  States,  as  we  have  already  shown,  but 
elsewhere  they  are  often  unconformable.  Before  taking  up  the  first  in 
the  order  of  time,  viz.,  the  Age  of  Invertebrates,  it  is  necessary  to  say 
something  of  the  interval  which  in  our  record  separates  the  Archaean 
from  the  Palaeozoic  era. 

Tlie  Literval. 

We  have  already  seen  that  the  lowest  Cambrian  lies  unconformably 
on  the  upturned  and  eroded  edges  of  the  crumpled  strata  of  the 
Archaean.  We  have  also  shown  (page  187)  that  unconformability 
indicates  always  an  oscillation  of  the  earth's  crust  at  the  observed 
place.  More  definitely  it  indicates  an  upheaval,  by  which  the  lower 
series  of  rocks  became  land-surface,  and  were  at  the  same  time,  per- 
haps, crumpled ;  then  a  long  period  unrecorded  at  that  place,  during 
which  the  land  was  eroded  and  the  edges  of  the  crumpled  rocks  were 
exposed ;  then  a  subsidence,  and  the  deposit  of  the  upper  series  of 
rocks  on  these  exposed  edges.  Now,  oscillation  necessitates  increase 
and  decrease  of  land-surface.  Evidently,  therefore,  such  increase  and 
decrease  of  land-surface  took  place  in  the  unrecorded  interval  between 
the  Archaean  and  Paljeozoic  eras ;  and  the  length  of  this  unrecorded 
interval  is  measured  by  the  amount  of  erosion  which  the  Archaean  un- 
derlying the  lowest  Palaeozoic  has  suffered.  We  have  stated  that  the  land 
at  the  beginning  of  the  Palaeozoic  era  was  approximately  the  Arch^an 
area.  The  shore-line  of  the  earliest  Palasozoic  sea  was  the  line  of  junc- 
tion between  the  Cambrian  and  Archman  (see  maps,  Figs.  268  and  271). 
But  this  was  not  the  shore-line  at  the  end  of  the  Archtmji  time.  Evi- 
dently this  shore-line  was  much  farther  south  ;  evidently  the  land-area 
was  much  greater  at  the  end  of  the  Archaean  than  at  the  beginning  of 
the  Palaeozoic.  The  Archaean  era  was  closed  by  the  vphcaval  into 
21 
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land-surface  and  the  crumpling  of  the  strata  of  the  whole  Archajan 
area,  and  much  more.  Then  followed  an  iaterval  of  which  we  know 
nothing,  except  that  it  was  of  long  duration,  during  which  the 
crumpled  Archaean  strata  forming  the  then  land-surface  were  deeply 
eroded.  Then,  at  the  end  of  this  interval  came  a  subsidence  down  to 
the  shore-line  already  indicated  as  the  Primordial  shore-line,  and  the 
l*ala3ozoic  era  commenced,  its  first  sediments  being  of  course  deposited 
on  the  exposed  edges  of  the  submerged  Archasan  rocks. 

I  have  attempted  to  illustrate  these  facts  by  the  following  diagrams 
(Fig.  370),  in  which  the  last,  e,  represents  a  north  and  south  section  of 


Land  of  Arcliajan  time. 


Land  during  Interval. 


Fig.  270.— Ideal  Section,  showing  how  Unconformity  was  produced  on  the  Canadian  Border:  S  L, 

sea-level. 


the  Archtean  and  Palaeozoics  of  the  Canadian  border,  and  southward  to 
Pennsylvania.  The  crumpled  and  eroded  strata  of  the  Archaean  are 
seen  to  underlie  unconformably  the  primordial  rocks  for  some  distance 
south — how  far  we  know  not.  This  is  the  present  condition  of  things. 
How  it  came  about  is  shown  in  a,  b,  c,  and  d.  In  a,  we  have  the  sup- 
posed condition  of  things  in  Archasan  times.  The  position  of  the  land 
was  somewhere  northward — we  know  not  where.  In  b,  a  large  portion 
of  Archfean  marginal  sea-bottom  was  raised  into  land,  and  at  the  same 
time  crumpled.  In  c,  the  same  was  eroded,  so  that  the  edges  of  strata 
were  exposed.  This  was  during  the  interval.  In  <f,  the  land  sank 
again  to  the  primordial  shore-line,  and  the  Palfeozoic  era  commenced. 
During  the  Paleozoic  the  land  gradually  rose  so  as  to  expose  succes- 
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sive  sea-bottoms  of  Cambrian,  Silurian,  Devonian,  and  Carboniferous 
ages.    It  has  remained  substantially  in  this  condition  ever  since. 

We  liave  spoken  thus  far  only  of  the  unconformity  of  the  New 
York  rocks  on  the  Canadian  rocks.  This  phenomenon  may  be  ex- 
plained, as  we  have  seen,  by  local  oscillations,  with  increase  and 
decrease  of  land-area  during  the  lost  interval.  But,  when  we  re- 
member that  the  same  unconformity  is  found  in  the  most  widely- 
separated  localities,  over  the  whole  area  of  the  United  States  ;  that  the 
Grand  Canon  of  the  Colorado  cuts  through  the  Cambrian  into  the 
ArchjBan  and  we  find  the  same  unconformity ;  that  artesian  wells 
in  all  parts  of  the  Palaeozoic  basin  reach  the  Archfean  and  find  it  un- 
conformable— we  are  forced  to  the  conclusion  that  the  lost  interval,  as 
compared  with  the  Primordial,  was  probably  a  continental  period — a 
period  of  widely-extended  land  composed  of  Archaean  rocks.  The 
whole  of  this  land  disappeared  by  submergence  at  the  beginning  of  the 
Primordial,  except  the  Canadian  large  area  east  of  the  Ap- 

palachian, probably  a  considerable  area  in  the  Basin  region,  another 
in  the  Colorado  mountain  region,  and  perhaps  a  few  islands  or  larger 
areas  in  the  Primordial  seas  between,  as  shown  in  map.  Fig.  269.  In 
a  word,  the  Interval  was  a  Continental  period  between  two  Oceanic 
periods. 

In  all  speculations  on  the  origin  of  the  animal  kingdom  by  evolu- 
tion, it  is  very  necessary  to  bear  in  mind  this  lost  interval,  for  it  was 
evidently  of  great  duration. 

We  have  spoken  of  the  Interval  as  one.  But  their  may  have  been 
several.  Our  knowledge  of  the  pre-Cambrian  rocks  is  too  imperfect  to 
allow  us  to  speak  confidently. 

Section  1. — Lower  Paleozoic  System  (including  Cambrian 
AND  Silurian)  :  Age  of  Invertebrates. 

The  Rock-System. — The  rocks  of  this  age  have  been  carefully 
studied  in  England,  by  Sedgwick  and  Murchison ;  in  Russia  and 
Sweden,  by  Murchison  ;  in  Bohemia,  by  Barrande  ;  and  in  New  York, 
by  Hall.  The  divisions  and  subdivisions  established  by  these  geologists 
have  become  the  standard  of  comparison  elsewhere.  The  system  was 
first  clearly  defined  by  Murchison  in  Wales.  The  name  Silurian  was 
given  by  Murchison  to  the  rocks  of  the  wliole  age.  The  name  Cam- 
brian was  given  by  Sedgwick  to  the  lower  part.  The  great  thickness 
and  exceptional  importance  of  this  lower  part  have  induced  most 
geologists  to  erect  this  into  a  distinct  system  equivalent  to  the 
Silurian,  and  to  call  it  Cambrian,  or  Primordial.  Prom  the  point 
of  view  of  the  progress  of  life,  however,  they  may  be  united  as  one 
Age. 
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Subdivisions.— The  following  table  gives  the  divisions  and  subdi- 
visions of  the  rocks  and  the  corresponding  jtjmorfs  of  the  age  in  this 
country : 


Lower  Palaeozoic  A{jc  or 
Age  of  Invertebrates . . 


(  Lower  Ueldcrberg  Period. 

Upper  Silurian  J  Salina  " 

(  Niagara  " 

Lower  Silurian  -j  " 

I  Canadian  " 

i  UiicellocephaluB  " 

Cambrian  or  Primordial,    Paradoxidcs  " 

( Olencllus  " 


The  larger  divisions,  viz.,  Cambrian,  Lower  Silurian  (or  Ordovician), 
and  Upper  Silurian,  are  generally  recognized.  The  subdivisions  are 
largely  local,  each  country  having  its  own ;  but  they  are  synchronized, 
as  far  as  possible,  by  comparison  of  fossils. 

Character  of  the  Rocks. — The  rocks  of  this  age,  like  nearly  all 
rocks,  are  greatly  disturbed  aud  metamorphosed  in  mountain-regions, 
though  less  so  than  the  ArchiBan ;  but  in  Sweden  and  Eussia,  and  in 
the  valley  of  the  Mississippi,  they  are  found  in  their  original  hori- 
zontal position,  and  not  greatly  changed  from  their  original  sedi- 
mentary condition. 

Area  in  America. — By  turning  to  the  map  (Fig.  268)  it  will  be 
seen :  1.  That  the  Lower  Palteozoic  is  attached  to  the  Canadian 
Archaean  nucleus  as  an  irregular  border  on  the  outer  side  of  the 
V-shaped  area;  2.  Again,  the  Appalachian  Archsan  region  is  also 
bordered  on  the  west  side  by  a  narrow  strip  of  the  same ;  3.  Also  we 
observe  large  patches  in  the  interior — one  about  Cincinnati,  another 
occupying  the  southern  portion  of  Missouri  and  northeastern  portion  of 
Arkansas,  and  one  in  Middle  Tennessee ;  4.  Also  narrow  bands  on  the 
flanks  of  nearly  all  the  Rocky  Mountain  ranges;  5.  Also  consider- 
able areas  in  the  Basin  region,  the  outlines  of  which  are  little  known  ; 
6.  Recently  areas  have  also  been  found  in  Northern  California  (Diller). 

Physical  Geography. — At  the  beginning  of  this  age,  as  already  said, 
the  land  was  approximately  the  Archaean  area  (Fig-  269).  The  Lower 
Palaeozoic,  which  embraces  the  great  V-  shaped  Archaean  area  on  the 
southeast,  south,  and  southwest,  was  then  the  sea-bottom  border  of  the 
coast  of  the  Primordial  continent.  The  same  rocks  bordering  the 
Appalachian  Archaaan  was  also  then  a  sea-bottom  bordering  the  Pri- 
mordial continent  in  that  region.  It  is  probable,  also,  that  these  rocks 
in  the  Rocky  Mountain  region  also  border  Archa?an  areas,  and  these 
areas  represent  Primordial  continents,  and  the  Cambrian  border  the 
marginal  sea-bottom  of  that  time.  The  other  patches  mentioned  in 
the  interior  were  probably  bottoms  of  open  seas. 

Now,  the  Cambrian  and  Silurian  areas  represent  so  much  of  sea- 
bottoms  as  were  raised  into  land-surfaces  during  or  at  the  end  of  that 
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time,  and  not  subsequeutly  covered  by  sea.*  Tlierofore,  at  the  begin- 
ning of  that  time  tlio  hind  was  tlie  Archajan  area;  wliile  at  the  end  the 
hind  was  increased  by  the  addition  of  tlie  Lower  Pah^eozoic  area.  Tliis 
addition  was  not  all  made  at  once,  but  very  gradually.  The  steps  of 
this  increase  have  been  carefully  studied  in  New  York.  The  map 
(Fig.  271)  shows  the  principal  successive  steps,  as  does  also  the  section 


C         ■  S  sc 

Fig.  271. — Gpolcrical  Map  of  New  York:  a.  Archrean;  PS,  Primordial;  LS,  Lower  Silnrian;  r7<S, 
Upper  Silurian;  d,  Devonian;  SC,  Sub-Carboniferous;  C,  Coal-measures;  JffS,  line  of  section, 
shown  in  Fig.  267. 

(Fig.  267)  with  which  it  should  be  compared.  Inspection  of  these 
figures  shows  not  only  the  Cambrian  and  Silurian  bordering  the  Ar- 
chaean, but  the  rocks  of  the  several  periods  bordering  each  other  suc- 
cessively; so  that  in  walking  from  Pennsylvania  to  Canada,  or  to  the 
Adirondack  Mountains  of  New  York,  along  the  line  S  iV,  we  succes- 
sively walk  over  the  Carboniferous,  the  Devonian,  the  Silurian,  Cam- 
brian, and  the  Archaean ;  and  in  the  Silurian  and  Cambrian  over  rocks 
of  the  successive  periods,  from  the  highest  to  the  lowest.  This  plainly 
shows  that  during  this  age  the  continent  (Archtean  area)  was  slowly  up- 
heaved, and  contiguous  sea-bottoms  successively  added  to  the  land,  and 
the  shore-line  gradually  pushed  southward  from  the  Canadian  region, 
and  probably  westward  from  the  land-mass  along  the  Appalachian. 
Of  course,  therefore,  the  oldest  Cambrian  shore-line  was  the  most 
northern  and  eastern.    This  is  the  primordial  beach. 

*  This  18  true  as  a  broad,  general  fact ;  but  patches  of  Silurian  may  also  be  exposed 
by  remuval  of  later  deposits  by  erosion. 
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Cambrian  System. 

Primordial  Beach  and  its  Fossils — The  First  Fauna. 

As  already  stated,  the  elementary  character  of  this  treatise  renders 
it  impossible  to  take  up  separately  the  several  periods  of  this  age.  \Wi 
must  confine  ourselves  to  a  general  description  of  the  age  only.  But 
there  is  so  peculiar  and  special  an  interest  connected  with  the  dawn  of 
life  on  the  earth,  that,  before  taking  up  the  life-system  of  the  whole 
age,  it  seems  necessary  to  say  something  of  the  earliest  fauna. 

We  have  seen  that  at  the  beginning  of  Cambrian  times  a  large 
shaped.  mass  of  land  occupied,  the  region  now  embraced  by  Canada  and 
Labrador,  and  sti'etched  northwestward  to  an  unknown  distance,  the 
two  arms  of  the  V  being  nearly  parallel  to  the  two  present  shores  of 
the  American  Continent;  further,  that  a  land-mass  of  extent  unknown 
occupied  the  position  of  the  eastern  slope  of  the  Appalachian  chain ; 
also,  that  land  of  unknown  extent  occupied  the  position  of  the  Rocky 
Mountains  and  Basin  region  ;  and  the  continent  was  thus  early  sketched 
out.  Now,  southward  of  the  first-mentioned  land-area  and  between  the 
other  two  there  was  a  great  interior  sea,  which  we  have  called  the  In- 
terior Palmzoic  Sea.  The  shores  of  that  sea  beat  upon  the  continental 
masses  north,  east,  and  west,  and  accumulated,  on  exposed  places,  a 
beach.  Patches  of  that  earliest  beach  still  remain.  They  are  found, 
of  course,  closely  bordering  the  Archasan  rocks,  Canadian  and  Ap- 
palachian, and  lying  unconformably  upon  them.  They  are  the  primor- 
dial sandstones  and  slates  of  Canada,  New  York,  Pennsylvania,  Vir- 
ginia, and  probably  Tennessee  and  Georgia.  The  fact  that  these  are 
indeed  remnants  of  a  beach  is  proved  by  the  existence,  in  almost  every 
part,  of  shore-marks  of  all  kinds — such  as  ripple-marks,  sun-cracks, 
worm-tracks,  worm-borings,  broken  shells,  etc. 

This,  then,  is  the  old  primordial  teach.  It  is  of  the  extremest 
interest  to  the  geologist  because  it  marks  the  outline  of  the  earliest 
Cambrian  sea,  and  contains  the  remains  of  the  earliest  Cambrian 
fauna.  Indeed,  we  may  say  it  contains  the  remains  of  the  earliest 
known  fauna.  It  is  true,  the  lowest  Rhizopods  and  sponges  probably 
existed  in  Archa3an  times,  but  these  can  not  be  said  to  constitute  a 
fauna.  With  the  very  commencement  of  Cambrian  times,  however, 
we  find  at  once  a  considerable  variety  of  animal  forms. 

What,  then,  was  the  character  of  this  earliest  fauna  and  flora?  If 
we  could  have  walked  along  that  beach  when  it  was  washed  by  pri- 
mordial seas,  what  would  we  have  found  cast  ashore?  We  would  have 
found  the  representatives  of  all  the  great  types  of  animals  except  the 
vertebrata.  The  Protozoa  and  lowest  Metazoa  were  then  represented 
by  Rhizopods  and  sponges ;  the  Cclenterates  by  corals  and  Hydrozoa 
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Fio.  278.  Fio.  279.  Fui.  282. 


Fifis.  272-282.— AiwEnicAN  CAiHnniAN  Fossils  (after  Walcott  antl  White'):  272.  Protypiis  Hilch- 
cocki,  +  2.  27.3.  Zacantlioitlcs  typicalis,  +  2.  274.  Agnoslus  interstricuis.  275.  Fordilla  Troy- 
ensis.  270.  Ortliisina  transversa.  277.  Pateriiia  pannula— «,  front  view;  a',  side  view.  278. 
Olencllus  Gilburti.  270.  Diplograptus  simplex.  280.  Uyolitlies  primordialis.  881.  Lingulella 
cclata.   282.  Obolelia  crassa. 
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(graptolites) ;  the  Echinoderms  by  Cystidean  Crinoids  ;  tlie  mollusks  by 
by  Brachiopods  (Figs.  276,  277,  281,  282,  285,  288,  289),  Lamellibranchs 
(Figs.  275,  287),  Gastcropods  (Pleurotomaria),  Pteropods  (280,  280), 
and  even  Cepluilopods  (orthoceratites) ;  the  Arthropods  by  Crustacea 
(trilobites  and  phyliocarids,  272, 273,  274,  278, 290,  291) ;  and  the  worms 
by  trachs  and  hihes  (Fig.  284).  Plants  were  represented  by  Fucoids 
(Fig.  283).  These  widely-distinct  classes  are  already  clearly  differ- 
entiated and  somewhat  highly  organized.    Nor  is  the  fauna  a  meager 


Fio.  283.  Fig.  286.  Fig.  289.  Fig.  291. 


Figs.  28.3-291.— Foreign  Primordial  Fossils:  283.  Oldhnmia  antiqna,  probably  a  plant.  284. 
Arenicolites  didymus,  worm-tubes.  285.  Lingnlella  ferriis^inea.  286.  Theca  Davidii.  287. 
Modiolopsis  solvensis  288.  Obolella  Hicksii.  289.  Orthis  sagittalis.  290.  Hymenocaris  venni- 
cauda.   291.  Olenus  macrurus. 

one  in  number  of  species.  In  the  United  States  and  Canada  alone 
about  400  species  are  already  known  in  the  Cambrian,  of  which  nearly 
100  are  trilobites;  and  in  the  lowest  zone  of  the  Cambrian,  viz., 
Olenellus  beds,  there  are  141  species,  of  which  51  are  trilobites  (Wal- 
cott).  About  a  dozen  species  of  plants  are  also  known.  When  we 
recollect  the  great  age  of  these  rocks  and  their  usual  metamorphism, 
and  the  fragmentary  character  of  all  fossil  faunas,  it  seems  certain  that 
great  abundance  and  variety  of  life  existed  already  in  these  early 
seas.  Of  this  life  the  trilobites,  by  their  size,  their  abundance,  their 
variety,  and  their  high  organization,  must  be  regarded  as  the  dominant 
type.  Among  the  largest  trilobites  known  at  all  are  some  from  this 
period.  The  Paradoxides,  represented  in  Figs.  292  and  293,  attained 
a  length  of  twenty  inches.  English  beds  of  the  same  age  furnish 
specimens  of  the  same  genus  nearly  two  feet  long. 

We  give  in  the  above  figures  a  few  of  the  more  remarkable  pri- 
mordial forms  taken  from  the  rocks  of  this  country,  and  of  foreign 
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Yia.  292.— Paradoxides  Bohemi- 
cus,  Foreign. 


Fig.  293.— Paradoxides 
Harlani,  x  J  (after 
Rogers),  American. 


countries.  They  are  intended  only  to  give  a  general  idea  of  the  full- 
ness and  variety  of  the  piimordial  life ;  the  atlinities  of  these  fossils 
will  be  discussed  hereafter. 

General  Remarks  on 
First  Distinct  Fauna. — 
There  are  several  points 
of  great  philosophic  in- 
terest suggested  by  the 
nature  of  these  first  or- 
ganisms : 

1.  Plants  in  this,  and 
in  all  other  geological 
periods,  are  far  less  nu- 
merously represented  in 
a  fossil  state  than  ani- 
mals. This  can  not  be 
because  animals  were 
more  abundant  than 
plants,  for  since  the 
animal  kingdom  subsists  on  the  vegetable  kingdom,  and  since  every 
animal  consumes  many  times  its  own  weight  of  food,  plants  must  have 
been  always  more  abundant  than  animals.  The  true  reason  of  the 
greater  abundance  of  animal  remains  is  to  be  found  in  the  fact  that 
the  hard  parts  of  animals  are  far  more  indestructible  than  any  portion 
of  vegetable  tissue. 

2.  At  the  end  of  the  Archaean  times — when  the  Archsean  volume 
closed — we  find,  if  any,  only  the  lowest  Protozoan  life  with  possibly 
sponges.  But  with  the  opening  of  the  next  era,  apparently  with  the 
first  pages  of  the  next  volume,  we  find  already  all  the  great  types  of 
structure  except  the  vertebrata.  And  these  are  not  the  fewest  of  each 
type,  as  might  have  been  expected,  bnt  already  trilobites  among 
Arthropods,  and  Cephalopods  among  Mollusca — animals  which  can 
hardly  ie  regarded  as  lower  than  the  middle  of  the  animal  scale. 

We  must  not  hastily  conclude,  however,  that  these  widely-divergent 
and  highly-organized  types  originated  together  at  once.  We  must  re- 
member that  between  the  Archsean  and  PaliBozoic  there  is  a  lost  inter- 
val of  enormous  duration.  Evidently,  therefore,  the  Primordial  fauna 
is  not  the  actual  first  fauna.  Evidently  we  have  not  yet  recovered  the 
leaves  in  which  is  recorded  the  gradual  differentiation  of  these  widely- 
distinct  types.   All  this  must  have  taken  place  during  the  lost  interval. 

But  if,  on  the  other  hand,  we  suppose,  as  many  do,  that  evolution 
proceeds  always  "  with  equal  steps,"  then  we  are  forced  to  the  very  im- 
probable conclusion  that  the  lost  interval  is  equal  to  all  geological  times 
which  followed  to  the  present;  for  the  differentiation  of  types  which 
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occurred  during  that  interval  is  equal  iu  value  to  all  that  has  taken 
place  since. 

Therefore,  we  are  compelled  to  admit  that  there  have  been  in  the 
history  of  the  earth  periods  of  rapid  change  in  physical  geography,  and 
periods  of  comparative  quiet  in  this  respect;  that,  corresponding  with 
these,  there  have  been  also  periods  of  rapid  evolution  of  the  organic 
kingdom,  developing  new  forms,  and  periods  in  which  forms  are  more 
stationary.  The  periods  of  rapid  change  are  marked  by  unconformity, 
and  are  therefore  unfortunately  often  lost.* 

As  we  proceed,  we  will  probably  find  many  examples  of  rapid 
change  which  must  be  accounted  for  in  a  similar  manner. 

Life-System  of  the  Silurian. 

There  were  evidently  extraordinary  abundance  and  variety  of  life 
in  the  Silurian.  These  early  seas  literally-  swarmed  with  living  beings. 
The  quantity  and  variety  of  .life — the  number  of  individuals  and  of 
species — were  probably  not  less  than  at  the  present  time ;  thougli 
orders,  classes,  and  departments,  were  less  diversified.  Over  10,000 
species  have  been  described  from  the  Silurian  alone  (Barrande)  ;  and 
these  must  be  regarded  as  only  a  small  fragment  of  the  actual  fauna 
of  the  age.  In  certain  favored  localities,  the  number  of  species  found 
in  a  given  area  of  a  single  stratum  will  compare  favorably  with  the 
number  now  existing  in  a7i  equal  area  of  our  present  sea-bottoms. 
Yet,  in  all  this  teeming  life  there  is  not  a  single  species  similar  to  any 
found  in  any  other  geological  time.  And  not  only  are  the  species 
peculiar,  but  even  the  genera,  the  families,  and  the  orders  are  different 
from  those  now  existing. 

We  can  give  only  a  very  brief  sketch  of  this  early  life,  touching 
only  the  most  salient  points,  especially  such  as  throw  light  on  the  great 
question  of  evolution. 

Plants. 

With  the  exception  of  a  few  small  land-plants,  ferns,  and  club- 
mosses,  recently  found  in  the  Lower  Silurian  of  both  this  country  and 
Europe,!  and  of  which  we  shall  speak  again,  the  only  plants  yet  found 

*  In  spite  of  every  allowance  the  suddenness  of  the  appearance  of  the  first  fauna  is 
extraordinary.  In  this  connection,  Brooks  (Jour.  Geol ,  vol.  ii,  p.  455,  1894)  has  thrown 
out  a  very  suggestive  thought.  He  gives  reasons  for  thinking  that  the  first  forms  of  life 
were  pelagic,  floating  freely  in  the  open  sea,  of  gelatinous  consistence,  and  therefore  not 
preserved.  Food  was  abundant  (microscopic  plants),  struggle  for  life  not  severe,  and 
therefore  there  was  little  differentiation  of  forms.  About  the  beginning  of  the  Cambrian 
there  was  a  discovery  of  the  bottom,  especially  near  shore.  Now  support  was  necessary, 
and  therefore  hard  parts  were  formed  and  thus  thcji  were  preserved.  Now  al.<o  thev 
became  crowded,  struggle  and  competition  became  severe,  and  differcnliaiion  into  main 
types  commenced. 

f  Lesquereux,  American  Journal  of  Science,  1878,  vol.  xv,  p.  149. 
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are  the  lowest  forms  of  cellular  cryptogams,  viz.,  marine  algcB  or  sea- 
weeds.   It  is  difficult,  from  the  impressions  left  by  these  to  determine 


Fig.  296. 


Fig.  297.  Fio.  298. 

Figs.  294-298.— Silurian  Plants  (after  Hnll):  249.  Bnthotrephis  auccnlena.   295  and  206.  Bntho- 
trcptus  gracilis.   397.  Artlirophycus  Hnrlani.   298.  Buthograptus  laxus  (after  Whitfleld). 
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geuera,  much  more  species,  with  any  degree  of  certainty.  "We  shall, 
therefore,  call  them  by  the  general  somewhat  indefinite  name  of  Fu- 
coids  {Fiicus,  tangle  or  kelp),  or  Pucus-like  plants.  As  already  stated, 
plants  are  far  less  abundantly  and  perfectly  preserved  than  animals,  on 
account  of  their  want  of  a  skeleton.  A  few  characteristic  forms  are 
given  in  Figs.  294-298. 

Atmnals. 

Sponges. — The  large,  irregtUa7-  masses  which  are  called  Eozoou 
seem  entirely  characteristic  of  Archaean  times.    If  they  are  indeed  of 

animal  origin,  they 
are  replaced  in  the 
Lower  Palaeozoic  by 
more  regular  forms 
which  are  usually 
called  sponges.  Of 
these,  the  most  char- 
acteristic Silurian 
genera  are  Stroma- 
topora  and  Eecepta- 
culitis  (Figs.  299- 
305).  They  seemed 
to  have  formed  large 
coralline  masses, 
which  are  now  re- 
garded either  as  hy- 
drocorals  (Stroma- 
topora)  or  as  sponges 
(Eeceptaculites). 

Corals. — Corals  were  very  abundant,,  forming  often  whole  rock- 
masses,  as  if  they,  while  living,  formed  reefs.  These,  if  they  indicate 
warm  seas,  show  a  great  uniformity  of  temperature,  since  they  are 
found  in  all  portions  of  the  earth  alike. 

The  corals  of  this  age  belong  principally  to  three  families,  viz.,  Cy- 
athophi/Uoids,  or  cup-corals  ;  Favositidce,  or  honey-combed  corals;  and 
HalysitidcB,  or  chain-corals.  They  are  remarkable  in  not  usually  being 
profusely  and  widely  branched  like  most  modern  corals,  but  consist- 
ing mostly  of  masses  of  parallel  or  nearly  parallel  columns.  In  Cyatho- 
phylloids  (Figs.  306-308)  the  corals  are  sometimes  separate  and  of  a 
horn-like  form,  and  sometimes  aggregated  in  large,  rough,  columnar 
masses  (Rugosa).  Their  upper  portions  are  cup-shaped,  and  the  radi- 
ating lamincB  are  very  distinct.  In  Favositids  (Fig.  309)  the  hexagonal 
parallel  columns  are  divided  somewhat  minutely  by  horizontal  plates 
(Tabulata)  (Fig.  309,  a),  giving  a  cellular  structure  which  may  be  finer 


Fio.  299. — Stromatopora  rugosa. 
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or  coarser.  The  Halysitids  (Fig.  311)  seem  to  be  made  up  of  small, 
hollow,  flattened  columns  with  imperfect  septa,  united  to  form  reticu- 
lating fluted  plates,  which  on  section  have  the  appearance  of  chains 


Fig  300. 


Fio.  301. 


Pig.  302. 


FiQ.  304. 


Pro.  30.5. 


^'"viowi^nnT?;,''"'",''?,  Sponges  :  .300.  Stromatopora  conccntrica;   801.  Section  of  snm? 

(aner  M'areh'r"'^'  °'  Receptaculilca  (after  Nic..ol«on).   305.  m-achio8pi„gia'Rj?,toram;«  x'l 
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ci-ossing  in  all  directions.  These  are  also  minutely  tabulated.  The 
kSyringoporoids  (Fig.  310)  are 
similar  to  the  Ilalysitids,  except 
that  the  hollow  columns  are 
cylindrical  and  connect  with 
each  other  only  in  places. 


Pig.  306.  Fu;.  308. 

Figs.  .306-308.— CTATnopHTixoiD  Corals:  306.  Lonsdaleia  floriformis  (after  Nicholson).    307.  a 
and  b.  Zaphrentis  bilateralis  (after  Hall).   308.  Strombodes  pentagonus  (after  Hall). 


no.  309.  - 

Figs  809-811  — Favositid  and  Halysitid  Corals:  .309.  Columnaria  alvcolntn;  <7.  vertical;  6,  croes- 
section  (after  Hall).  310.  Syringopora  vcrtlcillata.   311.  Halysiles  catenulata  (after  Hall). 
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Fig.  312. 


Some  of  the  more  characteristic  species  of  those  families  are  given 
above  (Figs.  306-311). 

There  are  many  other  forms  than  those  mentioned  above,  but  their 
affinities  are  little  understood,  and  many  are  not  true  corals,  but  Polyzoa 
and  sponges.  Near- 
ly all  the  corals  of 
Silurian,  in  fact,  of 
Palaeozoic  times,  fall 
under  two  orders — 
Rngosa  and  Tabu- 
Inta.  The  Cyatho- 
phylloids  are  Kugo- 
sa,  the  other  fami- 
lies mentioned  are 
Tabulata,  These, 
though  coralloid  in 
form,  are  probably 
(like  the  still-living 
millipores)  Hydro- 
zoa  (Hydro-corals). 
The  Kugosa  are 
characteristic  of  the 
Palaeozoic ;  the  Tab- 
ulata are  also  nearly 
extinct:  they  have 
only  one  family  liv- 
ing, viz.,  the  milli- 
pores. The  Kugosa 
differ  from  modern 
star-corals  in  hav- 
ing their  radiating 
septa  in  multiples 
of  four,  while  modern  star-corals  have  theirs  in  multiples  of  five  or  six. 
Hence  star-corals  have  been  divided  into  two  types — a  Palaeozoic  and 
a  Neozoic — the  one  four-parted  (quadripartita),  the  other  six-parted 
(sexpartita).  Halysitids  are  characteristic  of  Silurian;  Favositids,  of 
Silurian  and  Devonian  j  and  Cyathophylloids,  of  the  Paleozoic. 

Hydrozoa. — The  perfect  forms  of  this  class,  viz.,  Medusse,  or  jelly- 
fishes,  are  so  soft  and  perishable  that  they  could  hardly  be  expected  to 
be  preserved  as  fossils.  Nevertheless  some  supposed  impressions  of 
them  have  recently  been  found  by  Nathorst,  even  in  the  lowest  Cam- 
brian (Olenellus  zone).*    But  the  larval  form  of  most,  if  not  all,  Me- 


FiG.  313. 

Figs.  312-314.— Living  Htdrozoa: 
same,  enlarged  6,  Campamilaria. 
of  Sertularia.  314. 


Plumularia. 


312.  a,  Sertularia  pinnata;  a', 

313.  a  and  6,  Different  Forms 


*  Walcott,  Tenth  Annual  Report,  U.  S.  Gcol.  Surv.,  p.  587. 
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dus83  is  a  compound  polypoid  animal,  forming  a  minutely-branching, 
horny,  or  coralline  axis.   These  minutely-branching  axes  are  strung  on 

one  or  both  sides  with 


1 


Fig.  315. 


Fig.  316. 


Pio.  318. 


Fig.  319. 


FiGB.  Sl.^-Sin.-GfiAPToi.iTEs:  315.  niplogrnptuB  pristis  (nftor 
Nicholsons  316.  Phyllosraimis  typiis  (after  llnlO.  .31  r.  U  ; 
dvnioLTa|>tnnV  fracUis  (after  Hall).  318.  Graptolithns  Logaiu 
(lifter  Hall).   31«.  MonoKraplus  priodon:  . viow:  0, 

back  view;  c,  front  view,  showing  opening  (after  Nicholson). 


cells,  in  which  are  in- 
closed little  polypoid 
animals.  They  grow 
in  still,  quiet  waters, 
and  are  often  mistaken 
by  the  unscientific  for 
sea  -  weed.  These,  by 
their  composition,  are 
well  adapted  for  pres- 
ervation, and  it  is  this 
larval  form,  therefore, 
only  that  we  might  ex- 
pect to  find.  Figs.  312- 
314  are  examples  of  liv- 
ing forms. 

Now,  in  very  fine 
shales  of  Silurian  and 
Cambrian  age  are  found 
abundantly  beautiful 
impressions  of  an  or- 
ganism which  is  most 
probably  a  compound 
Hydrozoan  allied  to 
Sertularia  of  the  pres- 
ent day.  They  are  called 
graptolites.  Sometimes 
the  cells  are  arranged 
on  one  side  of  the  axis, 
sometimes  on  both  sides, 
sometimes  the  axis  is 
divided.  Whatever  be 
their  affinities,  they  are 
of  great  importance,  in- 
asmuch as  they  are  en- 
tirely characteristic  of 
this  age,  and  those  with 
cells  on  both  sides,  of 
the  Lower  Silurian  and 
Cambrian.  The  twin 
graptolites  (Fig.  317) 
are  also  wholly  charac 
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teristic  of  Lower  Silurian.  In  Figs.  315  to  321  we  give  some  exam- 
ples of  these  characteristic  Silurian  forms. 


Fio.  320. 


Fig.  321. 


Fios.  820,  321.— Gbaptolitbs:  320.  Dendrograptus  Ilallinnus  (after  Hall).   321.  Graptolites  Clinto- 

nensis  (after  Hall). 

Polyzoa. — There  are  many  kinds  of  compound  coralline  animals, 
probably  allied  to  the  Bryozoa  (sea-mats)  (Fig.  332)  of  our  present  seas, 
found  in  the  Silurian.  The  doubtful 
affinities  of  these  Paleozoic  forms,  and 
the  difficulty  of  separating  them  sharply 
from  certain  forms  of  true  corals  on  the 
one  hand,  and  from  certain  forms  of 
graptolites  on  the  other,  seem  to  require 
their  notice  in  this  connection,  although 
their  affinities  are  probably  mollnscoid. 
Two  of  the  Silurian  forms  are  represent- 
ed in  Figs.  323  and  324. 

Echinoderms. — During  Silurian  times 
the  class  of  Echinoderms  was  represented 

11     i_      n  ■      •?         K    r\  ■      -J    -     Fig.  .322  Livins  Polvzoa:  Flustratrnn- 

principally  by    CrinOlds.     A   CrmOld    is         cnta:  a.  natural  size;  b,  enlarged  to 

a  stemmed  Echinoderm,  usually  with  ^howtheceiis. 
branching  arms.  The  animal  consists  of  a  long  jointed  stalk,  rooted 
to  the  sea-bottom,  and  bearing  atop  a  rounded  or  pear-shaped  body, 
covered  with  calcareous  plates  (calyx),  from  the  margin  of  which 
spring  the  arms,  which  may  be  long  and  profusely  branched,  or  short 
and  simple,  or  absent  altogether.  In  the  middle  of  the  calyx,  between 
the  bases  of  the  arms,  is  placed  the  mouth.  Their  general  structure 
and  appearance  will  be  better  understood  by  examination  of  the  fol- 
lowing figures  (325-327)  of  living  Crinoids. 

At  present,  leaving  out  the  Holothurians,  or  sea- cucumbers,  which, 
having  no  shell,  are  little  apt  to  be  preserved  as  fossils,  the  class  of 
Echinoderms  may  be  conveniently  divided  into  three  orders,  viz. :  the 
Echinoids,  or  sea-urchins ;  the  Asteroids,  or  star-fiishes ;  and  the  Cri- 
22 
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noids.  The  members  of  the  first  and  second  orders  are  free  moving, 
while  those  of  the  third  are  stemmed.    Of  these  orders  the  Criuoids 


Pig.  323. 


Fio.  .32-1. 


Figs.  323  and  324.— Silurian  Poltzoa:  323.  Fenestella  elegans  (after  Hall).   334.  Alecto  aulopo- 

roides  (after  Hall). 

are  the  lowest,  as  proved  not  only  by  their  simpler  organization,  but 
also  by  the  fact  that  a  living  Crinoid,  the  Comatula  or  Antedon  (Fig. 
327),  is  attached  when  young,  but  free  when  mature. 

Now,  during  this  age  the 
stemmed  Echinoderms  are 
very  abundant,  while  the  free 
are  very  rare :  at  the  present 
time,  on  the  contrary,  the  re- 
verse is  the  case.  Thus,  in 
the  course  of  time,  the  for- 
mer decreased  until  they  are 
now  almost  extinct,  while  the 
latter  increased  until  they  are 
now  very  abundant.  If  we 
take  the  abundance  of  Echino- 
derms during  geological  times 
as  constant,  and  represent  the 
course  of  time  by  the  absciss 
,or  „  A  B  (Fig.  328),  and  the  abun- 

Fios.  325 and  326.-LIVINO  Crinoids:  32.5.  Rliizoonnus  V     &  /' 

LofotensiH  (after  Thompson).     320.  Pcnlacrnms  danCC  by  distance  from  A  h 

Caput-  t  usre.  ^^^^^^  ^^^^  parallelogram 

would  represent  this  fact.  If,  now,  we  draw  the  diagonal,  C  B,  then 
the  shaded  triangle  would  represent  the  stemmed,  and  the  unshaded 
the  free,  and  the  diagonal  the  line  of  decrease  of  the  one  and  increase 
of  the  other;  and  the  whole  figure  the  general  relations  of  the  two 


Fio.  325. 


Fio.  320. 
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sub-classes  tlironghout  time.  In  the  Palaeozoic  the  stemmed  predomi- 
nate; in  the  Mesozoic  the  two  are  equally  represented;  in  modern 
times  the  free  predominate. 


Fio.  327.— A  Living  Free  Crinoid  -Comntnla  (Antedonl  rosncen,  the  Feather-Star:  a,  free  adult;  b, 

lixed  young  (after  Forbes). 

Stemmed  Echinoderms,  or  Crinoids,  may  be  divided  into  three  fami- 
lies, viz. :  1.  Crinids  ;  2.  Cystids  ;  3.  Blastoids.  Cnm'i^s  are  the  typic- 
al Crinoids,  with  branching  arms  (brachiate),  already  illustrated  from 
living  examples  (Figs.  325-327).  Cijstids  (Figs.  329-332)  are  of  a 
Uadder-\\ke  form  (hence  the  name),  and  are  either  without  arms,  or 
else  have  few.,  shorty  simple  arms  springing  from  near  the  center  of  the 
upper  part  of  the  body,  the  mouth  being  probably  on  one  side 
(abrachiate).  The  radiated  structure  in  these  is  imperfect.  Blastoids 
(Gr.  ^AacTTo?,  a  bud)  had  a  bud-shajDed  bod}',  with  five  petalloid  spaces 
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Fio.  328.— Diagram  showing  the  Dietriliiition  in  Time  of  the  Class  of  Echinoderms. 

(ambulacra)  radiating  from  the  top  and  reaching  half-way  down  the 
body  (see  Figs.  530  and  531,  page  407).  If  Crinids  arc  comparable  to  in- 
verted Star-fishes  with  many  arms  and  set  upon  a  stalk,  the  Cystids  and 
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Blastoids  may  be  compared  to  Sea-urchins  similarly  set.  All  these 
families  are  found  in  the  Cambiian  and  bilui  iuu.  The  Cystids  pass 
away  nearly  entirely  with  the  Silurian,  and  may  be  regarded  therefore  as 
characteristic  of  this  age.  The  Blastoids  pass  away  before  the  end  of 
the  Carboniferous  age,  and  are  therefore  charactei-istic  of  the  Palaeozoic 


Fie.  329. 


FiQ.  330. 


Fig.  331. 


Fig.  332. 


Fig.  333. 


Fig.  334. 


Pigs.  .320-3.34. — Sn-uniAN  Crinoids:  32{).  Caryocrinus  ornntiis.  .330.  Ploiirocystitia  8qiianiosii,<:. 
331.  Psendocriniis— a  cysticl  restored  (after  Liilken).  332.  Lepadocrimis  Geblinrdii.  33;i.  Glyp- 
tocriniis  decadixctyliis  (after  Hall):  a.  specimen  with  arms;  6,  larger  specimens  without  "ihe 
arms.   334.  Ichthyocrinus  snbliovis  (after  llall). 


era,  but  especially  of  the  Devonian  and  Carboniferous  ages.  The  dis- 
tribution of  the  three  orders  in  time  is  shown  in  diagram  (Fig.  328). 
The  Crinids  continue,  though  in  diminished  numbers,  to  the  present 
day;  but  of  course  in  very  different  families.  Figures  of  Blastoids 
are  given  under  the  Carboniferous,  where  they  were  far  more  abun- 
dant. 


SILURIAN  ANIMALS. 


325 


Fig.  337.  Fig.  338.  Fio.  839. 


Fiiis.  335-3.39.— SiLTTRiAN  Crinoibs  and  AsTunoms:  3.35.  Mnriacrinus  nobilissimus  (after  Hall). 
.330.  Homocrinus  scopariiis  (after  Hall).  337.  Heterocriiius  simplex  (after  Meek).  338.  Protaa- 
tur  Sedgwickii.  339.  PalEeaster  ShoeflEeri  (after  Hall). 

Mollusks — Bracliiopods. — Bivalves  may  be  divided  into  two  great 
sub-classes,  viz.,  Lavicllibranchs  (leaf-gills)  and  Bracliiopods  (arm- 
feet).  The  valves  of  Lamellibranchs  are  right  and  left;  those  of 
Brachiopods  are  iipper  and  loioer,  or  dorsal  and  ventral.  Bracliiopods 
are  much  less  highly  organized  than  the  other  sub-class,  and  differ  so 
essentially  in  their  organization  that  some  of  the  best  naturalists  re- 
move them  not  only  from  the  class  of  Acephals,  but  from  the  depart- 
ment of  Mollusca,  and  ally  them  rather  with  the  Worms.  Their  gen- 
eral resemblance  in  external  form  to  bivalves  makes  it  more  convenient 
to  treat  them  under  that  head,  until  the  question  of  their  affinity  is 
more  definitely  settled.    Brachiopods  are  abundant  in  the  Cambrian 
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and  still  more  so  in  the  Silurian.  About  2,000  species 
are  known  from  the  Silurian  alone  (Miss  Crane). 

General  Description  of  a  Brachiopod— A  Brachi- 
opod  shell  consists  of  two  valves,  a  dorsal  and  a  ven- 
tral.   The  vcnti-al  is  the  larger,  and  usually  projects 


Fig.  341. — KliyiK'lioiiolla  sulcata:  side  view,  dorsal  view,  and  cud  view, 
sliowing  suture. 

beyond  the  dorsal,  at  the  hinge,  as  a  prominent  beak. 
This  projecting  portion  is  often  perforated  to  give 
passage  to  a  muscular  peduncle,  by  which  the  shell  is 
attached  in  the  living  animal.  The  following  figures 
(Figs.  340-348)  of  Brachiopods,  living  and  extinct,  will 
make  these  points 
clear. 

The  viscera  of  a 
Brachiopod  fill  but  a  small  space  in 
the  shell,  this  cavity  being  occupied 


Fig.  340.  —  Lingnla 
anatiua,  showing 
the  muscular  ped- 
uncle by  which  the 
shell  is  attached. 


FiQ.  342.  Flo.  844. 

Fio.".  .342-344.— SiinwiNo  the  Structitue  op  BitAriiiopons:  .342.  Spirifer  stri.-itus  iCarbonifcrouR): 
a.  dorsal  surface:  ft,  interior,  sliowini;  the  bony  si)irals.  313.  Masiollanin  llavescens  (living 
species):  «,  exterior  surface;  ft,  sliowinu  bony  structure  for  attachiiieut  of  spiral  arms.  343. 
Spirifer  hysterica  (Carboniferous):  a,  exterior;  6,  showinR  bony  spires. 
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principally  by  two  long  spiral  arms  (hence  the  name),  which  probably 
subserve  the  functions  of  respiration  and  alimentation.  These  arms 
are  attached  to  a  curious  bony  apparatus,  sometimes  in  loops  (Fig. 
343)  and  sometimes  itself  spiral  in  form  (343  and  344).  Figs.  342-344 
show  the  internal  structure  described  above. 


LAMELLIBRANCHS 


 ■  ——B 

Flo.  3-1.5.— Diiignim  showing  tlie  General  Relation  in  Time  of  Brachiopods  to  Lamellibrancbs. 

In  the  present  seas  the  Lamellibranchs  are  extremely  abundant 
while  the  Brachiopods  are  nearly  extinct,  being  represented  by  com- 
paratively few  species.  In  Silurian  times,  on  the  contrary,  the  very 
reverse  is  the  case,  bivalve  shells  being  represented  mostly  by  Brachi- 
opods. Taking  the  number  of  bivalve  species 
throughout  geological  times  as  constant,  then 
the  general  relation  of  these  two  sub-classes  to 
each  in  time  may  be  roughly  represented  by 
the  diagram,  Fig.  345,  in  which  the  lower  tri- 
angle represents  Brachiopods,  the  upper  Lamelli- 

FiG.  346. 


Fig.  347. 

Figs.  346-348.— Silurian  Brachiopods:  .346.  Orthis  Dnvidsonii. 

tumerus  Kiiiglitii. 


347 


Pig.  348. 
Orthis  poicata. 


348.  Pen- 


branchs,  and  the  common  diagonal  the  line  of  decrease  of  one  and 
increase  of  the  other. 

The  abundance  of  individuals  and  the  number  of  species  of  this 
order  in  Silurian  times  are  almost  incredible.  The  accompanying  fig- 
ures represent  some  of  the  common  and  characteristic  forms. 

It  is  very  difiicult  to  give  any  general  distinctive  mai'k  of  Sihirian 
Brachiopods,  although,  of  course,  the  species  and  even  the  genera  are 
peculiar,  and  may  be  recognized  by  the  palaeontologist.  It  may  be 
said,  however,  that  the  straight-hinged  or  square-shouldered  Brachi- 
opods, including  the  Spirifer  family,  the  Strophomena  or  Leptena 
family,  and  the  Productus  family,  are  characteristic  of  the  Paleozoic, 
though  not  of  the  Silurian. 
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LamellibrancllS. — We  have  said  that  Lamellibranchs  are  also  found 
in  the  Silurian  and  even  the  Cambrian,  but  not  so  abundantly  as 
the  Brachiopods.    Lamellibranchs  are  divided  into  Siphonates  and 

Asiijhonates,  i.  e.,  those  with  and  those 
without  breathing-siphons  behind.  The 
Siphonates  are  the  higher.  At  present 
the  Siphonates  are  the  more  abundant — . 
in  Palaeozoic  times  the  Asiphonates.  The 
accompanying  figures  (349-353)  are  exam- 
ples of  Silurian  Lamellibranchs. 


Figs.  349-353.— Silurian  LAMm,LrBRANCns :  349.  Orthonota  parallela.  350.  Cardiola  intemipta 
(after  Hall).  351.  Avicula  Treiitonensis  (after  Hall).  352.  Ambonychia  bellistriata  (after  Hall). 
353.  Tellenomya  curta  (after  Hall). 

Gasteropods—  Univalves.— Land  and  fresh-water  Gasteropods  have 
not  been  found  in  the  Silurian.  If  we  divide  marine  Gasteropods  or 
univalves  into  those  having  beaked  shells  and  those  having  smooth- 


FiQ.  355.  F'o-  35C. 

Fios.  354-350.— Sn.TJRiAN  Gasteropods:  354.  Pleurotomaria  dryope.  855.  Plenrotomaria  agave. 

35ti.  Miircliisonia  gracilis. 

mouthed  or  beakless  shells,  the  former  being  carnivorous  and  the  latter 
herbivorous,  then  only  the  smooth-mouthed  or  beakless  shells  have  been 
found  in  the  Silurian.  The  beak-shelled  are  usually  regarded  as  the 
more  highly  organized  class.  The  affinities  of  Conularia  (Fig.  360) 
are  little°understood.    They  are  usually  placed  among  Pteropods. 
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Pig.  357. 


Fig.  3r)8. 


Fio.  350. 

:\Nn  PTRitoi'ODa:  357.  Cyrto 


Fnis  .357-360.— Sn.UKiAM  G-asteropohs  a   . 

lites  compressus  (after  Hall).  358.  Cyrtoliles  Ti'i^ntonciiBis  (alter 
Hall)  .35'.).  Cyrtolites  Dycri  (nftor  Meekj.  3li0.  Ci/iuilariu  Treiito- 
uensis  (after  Hall),  a  Ptcropod. 

Cephalopods— C'7i«mZiererf  Cells. — These  are  by 
far  the  most  highly  organized  of  MoUuslss,  and  the 
most  powerful  among  Invertebrates.    They  are  rep-        fiq.  300. 
resented  in  the  present  seas  by  the  Nautilus,  the 
Squids,  and  the  Cuttle-fishes.    If  we  divide  all  known  Cephalopods, 
living  and  fossil,  into  Dibranchs  (two-gilled)  and  Tetrabranchs  (four- 
gilled),  the  former  being  naked  and  the 
latter  shelled,  then,  at  the  present  time, 
the  Dibranchs,  or  naked,  vastly  predomi- 
nate, there  being  only  a  single  genus  of 
shelled  or  Tetrabranchs  known,  viz.,  the 
Nautilus,  and  of  this  genus  only  three  or 
four  species.    In  the  Silurian  age,  and 
for  many  ages  afterward,  only  the  shelled 
e.xisted.     The  naked  or  Dibranchs  are 
decidedly  the  higher  in  organization. 

Again,  if  we  divide  chambered  shells 
into  those  having  simple  septa  and  cen- 
tral or  subcentral  tube  or  siphuncle  (Nantiloid),  and  those  having  septa 
plaited  at  their  juuction  with  the  shell  (plaited  suture)  and  ventral* 
tube  (ammonoid),  then  in  this  age  the  former  only  were  represented. 

Again,  if  we  divide  the  Nautiloids  into  straight -s\\Q\\Qdi  and  coiled- 
shelled,  then  the  straight  chambered  shells  greatly  predominated. 
Straight  chambered  shells  are  called  Orthoceratites  {opOos,  straight ; 
Kcpas,  horn).  The  Orthoceratites,  therefore,  are  a  very  striking  feat- 
ure of  the  Silurian  age.  They  may  be  defined  as  straight  chambered 
shells,  with  simple  sutures  and  a  central  or  subcentral  siphon-tube 
(siphuncle).  The  siphuncle  of  the  family  was  large  in  proportion  to 
the  shell,  and  had  often  a  beaded  structure  (Fig.  362,  a,  b,  c,  d).  The 
genera  are  founded  largely  on  the  form  of  this  part. 

They  existed  in  great  numbers,  and  attained  very  great  size.  Speci- 
mens have  been  found  fifteen  feet  long,  and  eight  to  ten  inches  in 


Fig.  361.— Pearly  Nautilus  (Nautilus 
pompilius):  a,  mantle;  6,  its  dorsal 
fold;  c,  hood;  o,  eye;  i,  tentacles;/, 
funnel. 


*  The  outside  of  the  whorl  is  usually  called  dorsal,  but  it  is  now  known  to  be  veniral. 
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diameter.  They  were,  without  doubt,  the  most  powerful  animals  of 
that  time,  the  tyrants  and  scavengers  of  tliese  early  seas.    We  give  in 


Fig.  362.  Fig.  363. 

Fig.  .36^. — Showing  Structure  of  Orthoceratite:  a,  Ormoceras;  6,  Actinoceras;  c,  Hnronia;  d,  Sec- 
tion of  Siphnncle  of  Huronia. 

Fig.  363. — Restoration  of  Orthocera.«,  the  shell  being  supposed  to  be  divided  vertically,  and  only  its 
upper  part  being  shown:  a,  arms;  /.  muscular  tube  ("  funnel  ")  by  which  water  is  expelled  from 
the  mantle-chamber;  c,  air-chambers;  s,  siplmncle  (after  Nicholson). 

Fig.  363,  a  restoration  of  the  creature.  They  are  entirely  character- 
istic of  the  Palteozoic ;  commencing  in  the  Primordial,  extending 
through  into  the  Carboniferous,  and  passing  out  there.  They  attained 
their  maximum  of  develojDment  in  size  and  number  in  the  Silurian. 


Fig.  364.— Silurian  Cbphalopod  :  Orthoccras  mcdullaro  (after  Meek). 

Although  straight  chambered  shells  (Ortlioceratites)  are  most  abun- 
dant and  characteristic,  and  also  the  earliest,  coiled  shells  of  the  same 
tribe  (Nautiloids)  are  also  found,  and  some  of  them  of  considerable 


SILURIAN  ANIMALS. 


331 


size,  but  not  until  the  upper  Silurian.  Some  of  tliese  are  close-coiled 
'  shells,  true  Nautilus  family  ;  others  open- coiled,  and  more  nearly  allied 


Fig.  368. 

Figs  .36.5-368.— Sn.irniAN  Cephalopods:  365.  Ormoceras  trniiifilnm.  showing  chnmhers  and  si- 
phuncle  (after  Hall).  .366.  Orthoceras  vcrtelirale  (after  Ilnll).  367.  Orthoceras  multicameratnm 
(after  Hall).   368.  Orthoceras  Dusori  (after  Hall). 

to  the  straight.  The  gradual  change  from  the  straight  through  the 
open-coiled  to  the  close-coiled  may  be  traced.  It  is  a  most  significant 
fact  that  the  Nautilus  in  its  embryonic  development  passes  through 
all  these  stages — i.  e.,  it  is  first  straight,  then  bent,  then  open-coiled, 
and  finally  close-coiled  (Hyatt).  Barrande  gives  1,622  species  of 
Cephalopods  in  the  Silurian. 
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Pig.  370. 

Ftag.  369-371.— Silurian  CEpnAi.oroDs:  .3GS.  Trocholites  Ammoniiis  (after  Hall):  a,  exterior:  6, 
cast,  showing  septa.   369.  Lituites  Graftoneusis  (Meeli  and  Wortlien).  370.  Lituites  comu-arietis. 

Worms. — These  are  fleshy  animals  without  skeletons,  and  are  there- 
fore not  preserved.  They  are  known  only  by  their  tracks,  their  bor- 
ings, their  tubes,  and,  more  rarely,  their  teeth.  liTevertheless,  some 
185  species,  according  to  Barrande,  have  been  described  from  the 
Silurian  of  different  countries.  Fig.  372  represents  worm-tubes,  Fig. 
372  worm-tracks,  and  Fig.  374  worm-teeth  from  the  Silurian. 

Crustacea — Trilobites. — The  principal  representatives  of  the  Arthro- 
pods in  Cambrian  and  Silurian  times  were  Crustaceans,  but  mostly  of  a 
very  characteristic  order  of  that  class,  now  long  extinct,  viz.,  Trilobites. 

General  Description. — The  carapace  or  sliell  of  these  curious  creat- 
ures was  convex  and  usually  smooth  above,  and  flat  or  concave  below, 
and  divided  ti'ansversely,  like  most  Crustacea,  into  a  number  of  movable 
joints.  Several  of  tlie  front  joints  are  alivai/s  consolidated  to  form  a 
head-shield  or  Buckler,  and  sometimes  a  number  of  the  posterior  joints 
are  similarly  consolidated  to  form  a  tail-shield  or  Pygidiuni.  The 
whole  shell  or  carapace  is  divided  longitudinally,  more  or  less  distinct- 
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ly,  into  three  lobes  (hence  the  name) — a  middle,  a  right,  and  a  left. 
Some  characteristic  forms  of  silurian  trilobites  are  shown  in  Figs.  376- 


FiQ.  372. 


Pig.  37.3. 


Figs.  372,  373. — Slltjbian  Annelids:  372.  Cornulites  serpentariua  (Worm-Tube).   373.  Trail  of  an 

Annelid  (after  Hall). 

381.  The  viscera  were  contained  in  the  middle  lobe,  the  two  side  lobes 
being  extensions  of  the  shell,  as  seen  in  the  section,  Fig.  384,  A  and  B. 
Well-organized  compound  eyes  are  distinctly  seen  in  well-preserved 


^  .  .  e  X  10 

Fig.  374.— Worm-teeth  from  Cincinnati  group,  enlarged  (after  Hinde). 

specimens  on  the  lateral  lobes  of  the  head-shields  (cheeks)  (Fig.  375). 
The  under  side  of  the  animal  has  never  been  distinctly  seen.  It 


Tio.  875.— Structure  of  the  Eye  of  Trilobites:  a,  Dniniania  pleuroptorv.T;  b.  eyo  slightly  magnified; 
c,  eye  more  highly  magnified;  U,  small  portion  still  more  highly  magnified  (alter  llall). 
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was  formerly  supposed,  however,  that  like  many  lower  crustaceans 
of  the  preseut  day  (Phyllopods)  their  limbs  were  mostly  or  wholly 


Fig.  376. 


Fir..  378. 


Fio.s.  .376-378.— Silurian  Trilobite.i:  376.  Calymene  Bliimenhachii;  o.  Same  in  folded  condition. 
377.  Trinucleus  Pongerardi.    378.  Lichas  Boltoni  (after  Hall). 

leaf-like  swimmers.  In  1876  Walcott  proved  the  existence  of  articu- 
lated legs.  In  1893  beautifully  preserved  specimens  of  Triarthrus  were 
found  in  the  Utica  slate,  near  Rome,  N.  Y.,  and  described  by  Matthew, 
in  which  not  only  legs  were  more  perfectly  displayed,  but  wliat  was  not 
before  suspected,  a  pair  of  slender  many-jointed  antenna}.  Each  loco- 
motive appendage  was  double,  one  branch  for  crawling  and  one  for 
swimming  and  probably  breathing.  The  antenna3  were  attached  on  the 
under  surface  of  the  head.  These  facts  are  sliown  in  the  restorations, 
Kig.  383,  A  and  i?,  in  which  A  shows  the  dorsal  and  B  the  ventral  aspect 
of  the  animal.  Fig.  383,  a  and  J,  show  the  limbs  enlarged,  and  Fig.  384, 
A  and  Z^,  are  diagrammatic  sections — A  tlirough  the  thorax,  B  through 
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Py^idinm,  showing  the  structure  and  position  of  tlic  limbs.  We  arc 
indebted  to  Prof.  Beeelicr  for  the  splendid  restorations  of  Triarthrus, 
shown  in  Fig.  382. 


Fig.  380  a.  Fig.  381. 

Figs.  379-381.— Stltjuian  Trilobites:  379.  Acidnspis  crosotns  (after  Meek).    380.  Isotelus  gigas, 
reduced  (after  Hall).    380  a.  Same,  side-view.   381.  Dalmanites  limiilurus. 


It  is  easy  to  see  why  the  under  side  is  never  exposed  ;  for  the  mud, 
in  which  they  were  entombed,  would  become  entangled  among  these 
leaf-like  swimmers  and  numerous  slender  legs,  and  in  breaking  the 
rock  this  would  determine  the  line  of  fracture  over  the  smooth  back, 
and  leave  the  creature  firmly  attached  by  its  ventral  surface  to  the 
lower  piece.  Not  uncommonly  Trilobites  are  found  folded  up  on 
their  ventral  surface,  so  as  to  bring  head  and  tail  together  and  form  a 
kind  of  ball.  In  such  cases  the  Trilobite  may  be  got  out  of  the  rocky 
matrix  complete ;  but  none  the  less  are  the  feet  completely  hidden 
(Fig.  376,  a). 

The  great  number  of  genera  into  which  this  large  order  is  divided 
is  founded  principally  on  the  form  and  sculpturing  of  the  Buckler,  the 
size  and  form  of  the  Pygidium,  the  number  of  the  movable  segments, 
etc.    The  figures  will  give  an  idea  of  some  of  these  forms. 

It  is  very  interesting  to  observe  that  a  complex  mechanism,  the 
compound  eye  like  that  of  crustaceans  and  insects  of  the  present  day, 
was  already  developed  even  in  the  early  Primordial  times. 

Trilobites  commenced,  as  already  stated,  in  the  earliest  Primordial, 
continued  through  the  whole  Palaeozoic,  and  then  became  extinct  for- 
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ever.  They  are  therefore  entirely  characteristic  of  the  Palaiozoic. 
They  reached  their  maximum  of  development,  in  size,  number,  and 
variety,  in  the  Silurian.  Barrande  gives  the  number  of  species  de- 
scribed in  the  Silurian  alone  as  1,579.    They  reached  in  some  cases  a 


size  equal  to  nny  crustaceans  now  living.  The  Asaphus  {Tsofelus) 
(/igas,  from  the  Lower  Silurian  (Fig.  380),  was  sometimes  twenty  inches 
in  length  and  thirteen  wide.  Parodoxides  (Figs.  292  and  293,  p.  313), 
of  the  earliest  Primordial,  attained  a  length  of  twenty-two  inches.  On 
account  of  their  great  abundance  and  fine  preservation,  their  embryonic 
development  has  been"  carefully  studied  by  Barrande,  who  has  described 
and  figured  twenty  steps  in  the  development  of  some  species  (Fig.  385). 
According  to  Agassiz,  we  know  nearly  as  much  of  the  development  of 
Trilobites  as  of  any  living  crustacean. 

Affinities  of  Trilobites. — The  affinities  of  this  very  distinct  order  are 
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imperfectly  understood.  Crustaceans  are  divided  into  two  sub-classes, 
a  higher,  Malacostraca  (mollusk-shelled  or  calcareous-shelled),  and  a 
lower,  Entomostraca  (insect-shelled). 
Now,  Trilobites,  though  belonging 
to  the  lower  division,  or  Entomo- 
straca, occupy  a  position  near  the 
confines  of  the  two  divisions.  More 
definitely,  they  probably  stand  be- 
tween the  Isopods  (tetradecapod  Ma- 
lacostracans),  on  the  one  hand,  and 
the  Phyllopods  and  Limuloids  (En- 
tomostracans),  on  the  other.  In  gen- 
eral appearance  they  certainly  ap- 
proach Limuloids  (horseshoe-crabs 
or  king-crabs),  and  these  seem  to 
have  replaced  them  in  the  process  of  evolution.  They  are  by  no  means 
very  low  in  the  scale  of  crustaceans ;  their  position  being  near  the  mid- 


FiQ.  383.— Limbs  of  Trinrthrus  Becki  en- 
larged. In  b  the  setoe  are  removed  to 
show  structure  ;  ex,  exopodite  ;  en,  en- 
dopodite  (after  Beecher). 


Fig.  384.— Transverse  section  of  Triarthms:  A,  through  thorax  ;  B,  through  pygidium;  showing 
structure  and  position  of  the  limbs  (after  Beecher). 

die.  The  larvae  of  crustaceans,  especially  of  Limuloids,  greatly  resem- 
ble some  forms  of  Trilobites,  and  especially  the  larvae  of  Trilobites. 


Fig.  885 — Sao  hirsnta:  a,  b,  c,  larval  stages,  +  30;  d,  adult,  +  i  (after  Barrande). 


From  early  generalized  forms  somewhat  like  the  larvre  represented  by 
Fig.  385  there  have  been  probably  differentiated,  in  one  direction  the 
more  perfect  Trilobites,  and  in  the  other  the  higher  forms  of  crusta- 
ceans. 

23 
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Eurjrpterids. — In  the  Upper  Silurian  was  introduced  and  continued 
to  exist  along  with  Trilobites,  during  the  rest  of  the  Palaeozoic,  another 
family  of  huge  Eutomostracans  proba- 
bly in  advance  of  Trilobites  in  organi- 
zation, viz.,  Eurypterids.  The  family 
includes  the  two  genera  Eurypterua 


Fig.  386.  Pio.  388. 


Fios.  386-388.— Silurian  Euhtpterids:  386.  Pterygotns  Anglicns,  viewed  from  the  under  side, 
reduced  in  size,  and  restored:  c  c,  the  feelers  lantennre),  terminating  in  nipping-claws;  o  o, 
eyes;  m  to,  three  pairs  of  jointed  limbs,  with  pointed  extremities;  n  n.  swimmins-paddles,  the 
bases  of  which  are  spiny  and  act  as  jaws— Upper  Silurian,  Lanarkshire  (after  Henry  Wood- 
ward). 387.  Eurypterus  remipes,  greatly  reduced.  388.  Same  restored:  a,  dorsal  view;  b,  ven- 
tral view  (after  Hall). 

ear).  Some  of  the  latter  are  the  largest  crustaceans  known.  The 
huge  Japan  crab  (InacJms  Koempferi),  with  carapace  sixteen  inches 
in  diameter,  and  legs  four  feet  long,  and  the  Moluccas  king-crab 
{Limuhts  Moluccanus).,  three  feet  long  and  eighteen  inches  across  the 
carapace,  are  the  largest  crustaceans  now  living.  But  the  Eurypterids 
were  some  of  them  far  greater.  The  Pterygotus  Anglicus  (Fig.  386) 
was  six  feet  long  and  one  foot  wide,  and  the  Pterygotus  Gigas  seven 
feet  long  and  proportionately  wide.  The  above  figures  (386-388)  rep- 
resent some  species  of  these  two  genera  from  the  American  and  Eng- 
lish rocks. 

Anticipations  of  the  Next  Age. — There  are  some  plants  and  animals 
still  higher  than  those  mentioned  above,  but  they  are  so  rare  that  it  is 


SILURIAN  ANIMALS. 


339 


best  to  treat  them  as  anticipations  of  the  next  age.  The  most  impor- 
tant of  these  may  be  briefly  noted  :  1.  A  few  very  small  land-plants 
(Ferns  and  Club  -  Mosses)  have 
been  found  in  the  upper  part  of 
the  Lower  Silurian  of  this  country 
and  of  Europe.  2.  A  few  small 
air-breathers  (insects,  Blattidae  and 
Scorpions)  have  been  found  in  the 
Upper  Silurian  —  also  of  both 
countries,  and  recently  one  (Pro- 
tocimex)  in  the  upper  part  of  the 
Lower  Silurian.  We  give  a  figure 
of  one  of  these  very  important  dis- 
coveries (Fig.  389).  That  they 
were  really  air-breathers  is  shown 
by  the  spiracles  or  breathing-pores, 
a.  3.  A  few,  small,  curiously- 
formed  fishes,  of  very  low  organi- 
zation, somewhat  similar  to  some 
(Pteraspis)  in  the  Lower  Devoni- 
an, have  recently  been  found  as 
low  as  the  Clinton  group  (lower 
part  of  the  Upper  Silurian).  We 
give  in  Fig.  390  a  restoration  by 
Claypole  of  one  of  these  Upper 
Silurian  fishes.*    Such  anticipa- 


FiG.  389. — PaliEopternus— a  Fossil  Scorpion  from. 
Upper  Silurian  of  Scotland  (after  Peach). 


tions  are  in  accordance  with  the  law  already  mentioned  (p.  291),  that 
the  characteristics  of  an  age  often  commence  in  the  preceding  age. 


Pig.  390.— Patoaspis  Americana,  x  J  (after  Claypole). 

It  is  better,  however,  to'  treat  of  these  classes  in  connection  with  the 
age  in  which  they  culminate,  or  at  least  become  a  striking  feature. 

The  Silurian  was,  therefore,  essentially  an  age  of  Invertebrates.  In 
number,  size,  and  variety,  these  have  scarcely  been  surpassed  in  any 
subsequent  period.    The  most  characteristic  orders  were :  Among 


*  Still  lower  findings  arc  reported,  e.  g.,  that  of  Walcott  from  rocks  of  supposed  Tren- 
ton age  (Lower  Silurian).  But  there  is  some  doubt  whether  the  rocks  are  really  Silurian; 
for  the  fishes  are  not  even  of  Lowest  Devonian,  but  of  full  Devonian  type. 
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plants,  Fucoids ;  among  aiiinuils,  Cyathophylloid  and  Tabulate  Corals, 
Graptolites,  Cystidean  Crinoids,  Square-shouldered  Brachiopods,  Beak- 
less  Gasteropods,  Orfchoceratites,  and  Trilobites,  Orthoceratites  and 
Trilobites  were  the  highest  animals  of  the  age,  and  the  former  were  the 
rulers  and  scavengers  of  these  early  seas.  We  give  below  a  table  show- 
ing, according  to  Barrande,  the  number  of  Silurian  species  described 
up  to  1872  : 


Sponges  and  other  Protozoans. 

Corala  

Echinoderms  

Worms  


Other  Crustaceans . 


153 

  1,567 

718 

588 

Ileteropods ) 

185 

Pteropods  f 

1,579 

848 

Cephalopods  

...   1,622 

478 

Which,  with  four  of  uncertain  relations,  make  10,074  species.  The 
number  has  been  greatly  increased  since  that  time. 

Section"  3. — Devonian  System  and  Age  of  Fishes. 

The  name  Devonian  was  given  to  these  rocks  by  Murchison  and 
Sedgwick,  because  in  Devonshire  the  system  occurs  well  developed,  and 
abounds  in  fossils.  In  England  the  system  is  usually  unconformable 
with  the  underlying  Silurian,  and  sometimes  with  the  overlying  Car- 
boniferous, as  in  Fig.  391.  But  in  the  Eastern  United  States,  as 
already  stated,  the  Palseozoics  are  conformable  throughout  (Fig.  267). 


s  d  ^ 

Fig.  391. — s,  Silurian;  d,  Devonian;  c,  Carboniferous  (after  Phillips). 

Area  in  United  States. — The  area  over  which  the  Devonian  appears 
as  a  country  rock  in  the  Eastern  United  States  is  shown  in  map,  page 
302.  It  borders  generally  the  Silurian  on  the  south  and  southwest,  ex- 
tending with  it  far  southward  in  the  middle  region,  viz.,  in  Indiana, 
Western  Ohio,  and  Kentucky.  It  borders  also  the  Silurian  strip  in  the 
Appalachian  region.  In  the  Basin  Range  region,  especially  about 
White  Pine,  Nevada,  Devonian  is  known  to  exist,  but  the  limits  of  the-^e 
areas  are  too  imperfectly  known  to  be  described.  Recently  it  has  been 
found  also  in  Siskiyou  County,  Cal. 

Physical  Geography. — In  the  eastern  portion  of  the  United  States 
the  land  of  the  Devonian  age  was  approximately  that  of  the  Silurian 
age  already  described,  increased  by  the  addition  of  the  Silurian  area, 
which  Silurian  was  of  course  so  much  marginal  sea-bottom  exposed  hy 
upheaval  during  and  at  the  end  of  Silurian  times.    There  was  also  a 


DEVONIAN  SYSTEM  AND  AGE  OF  FISHES. 


341 


large  island  in  the  Devonian  seas  in  the  region  about  Cincinnati,  viz., 
the  Silurian  area,  situated  there  (see  map,  p.  302).  In  the  Plateau 
region  there  was  a  large  extent  of  land  in  later  Silurian  and  Devonian 
times,  as  shown  by  the  absence  of  strata  of  these  times  in  the  Grand 
Gallon  section.  At  the  end  of  Devonian  times  the  Devonian  area  was 
added  to  the  existing  land,  and  the  continental  mass  was  further  in- 
creased. 

Subdivision  into  Periods. — In  the  United  States  the  following  four 
periods  are  usually  recognized  : 

4.  Chemung  period. 
8.  Hamilton  period. 
2.  Corniferous  period, 
1.  Orisliany  period. 

We  shall,  however,  neglect  these  subdivisions  in  our  general  descrip- 
tion of  the  life  of  the  age. 

Life-System  of  Devonian  Age — Plants. 

It  will  be  remembered  that  during  the  Silurian  age,  except  a  few 
small  vascular  cryptogams,  the  only  plants  found  were  Fucoids.  These 
continued,  though  under  different  species,  in  Devonian  times.  But,  in 
addition  to  these,  were  now  introduced  land-plants  in  considerable 
numbers  and  variety,  and  decided  complexity  of  organization.  They 


Fio.  392.— Microscopic  Section  of  the  Silicifled 
Wood  of  a  Conifer  iSertvoia).  cnt  in  the 
lons^  direction  of  the  fibers.  Post-tertiary? 
Colorado  (after  Nicholson). 


Pig.  393. — Microscopic  Section  of  the  Wood  of 
the  Common  Larch  (AMes  larix),  cnt  in  the 
Ions  direction  of  the  fibers.  In  both  the 
fresh  and  the  fossil  wood  (Fig.  •')89)are  seen 
the  disks  characteristic  of  coliiferous  wood 
(after  Nicholson). 


incUuled  all  the  orders  of  vascular  cryptogams,  viz..  Ferns,  Lycopods, 
and  EquisetcB  ;  and  also  Conifers  among  gymnospermous  Phaanogams; 
and  by  their  great  size  and  numbers  probably  formed  for  the  first  time 
in  the  history  of  the  earth  a  true /ores if  vegetation. 

The  Ferns  were  represented  by  several  genera,  such  as  Cyclopteris 
and  Neuropteris :  the  Lycopods  (club-mosses)  not  only  by  the  Psilophy- 
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ton,  which  had  been  ah-eady  introduced  in  the  uppermost  Silurian,  but 
also  now  by  gigantic  Lepidodendr ids  and  Sigillarids,  aud  the  Equi- 
setas  by  Calamites  and  Asterophyllites.  The  Conifers  were  represented 
by  the  genus  Proiaxites,  allied  to  tlie  yew  (Taxus).  They  are  known 
to  be  conifers  by  their  concentric  rings  of  growth  (undoubted  traces 
of  which  have  been  found)  and  gymnospermous  tissue,  i.  e.,  tlie 
elliptic  disii-like  markings  on  the  walls  of  the  wood-cells  on  longi- 
tudinal section  (Figs.  392  and  393),  and  the  en- 
tire absence  on  cross-section  of  the  visible  poi-es 
so  characteristic  of  dicolytedonous  Exogons  (Fig. 
394).  Some  of  these  conifers  have  been  found 
by  Dawson  eighteen  inches  in  diameter.  There 
Fio.  394.— Pine-Wood,  Cross-  have  been  fifty  specics  of  land-plants  of  these 

Section  magnified.  •  i        £        j    i      t\  •      ,  i  -i-^ 

various  orders  lound  by  Dawson  in  the  Devo- 
nian of  Nova  Scotia  alone.  In  Figs.  395-405  we  give  the  most  cliarac- 
teristic  Devonian  land-plants. 

General  Remarks  on  Devonian  Land-Plants. — We  will  not  at  present 
discuss  the  affinities  of  these  plants,  and  their  relations  to  evolution, 
because  they  are  similar  to  those  found  in  the  coal,  where  they  exist  in 
far  greater  variety  and  abundance,  and  the  subject  will  be  discussed 
under  that  head.  There  are,  however,  some  thoughts  suggested  by 
the  first  appearance  of  highly-organized  plants  which  ought  not  to  be 
omitted : 

1.  The  ringed  structure  of  Devonian  conifers  shows  that,  at  that 
time,  there  was  a  growing  season  and  a  season  of  rest,  and  therefore, 
probably,  a  warm  and  a  cold  season. 

2.  What  were  the  precursors  of  this  highly-organized  forest  vegeta- 
tion? That  there  were  precursors,  from  which  these  were  derived, 
there  can  be  no  doubt,  for  we  have  already  found  them  in  the  Upper 
Silurian  ;  but  that  the  ste2JS  of  evolution  were  just  at  this  point  somc- 
tvJiat  rapid,  seems  also  certain.  It  is  impossible  to  account  for  this 
comparatively  sudden  appearance  of  so  highly-organized  a  vegetation 
by  evolution,  unless  we  admit  that  there  have  been  periods  of  rapid 
evolution,  as  explained  on  page  314.  When  all  the  conditions  are 
favorable  for  a  great  advance,  the  advance  takes  place  at  once,  i.  e., 
with  great  comparative  rapidity. 

3.  We  have  seen  that  the  coal  vegetation  is  to  a  large  extent  an- 
ticipated in  the  Devonian.  So,  also,  to  some  extent,  were  the  condi- 
tions necessary  to  the  preservation  of  this  vegetation  and  the  formation 
of  coal.  In  the  Devonian,  for  the  first  time,  we  find  dark  bands  be- 
tween the  strata,  impregnated  with  carbonaceous  matter.  We  find, 
also,  thin  seams  of  coal,  with  under-clays  filled  with  ramifying  rootlets, 
such  as  we  shall  find  in  the  coal ;  in  other  words,  we  find  ancient  dirt- 
beds,  fossil  forest-grounds,  and  fossil  peat-bogs.    All  the  phenomena  of 
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Figs.  395-^02.— Devonian  Plants  (after  Dawson):  395.  Psilopliyton  princeps,  restored.  396.  o, 
Lepidodendron  Gaspianum;  i,  same  enlarged.  397.  a,  Astcrophillites  latifolia;  i,  fruit  of  same. 
398.  Cyclopteris  obtiiea— aFern.  .399.  Neuropteris  polymorpha,  a  Fern.  400.  Cyclopteris  Jack- 
soni,  a  Fern.  '101.  Dadoxylon  Oiiangondiannni,  a  Conifer:  a,  Pith;  b,  Pitli-shcatli:  c,  Wood. 
402.  ScctlonB  of  same:  x,  Longitudinal;  j^,  Transverse,  enlarged— z,  greatly  magnilled,  ehowiug 
disk-like  markings. 
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Fig.  403, 


Fig.  404. 


Fias.  403-405.— Devonian  Plants  (after  Dawson):  403.  Cardiocarpnm  Baileyi,  a  Frait.   404.  An- 
thophyllites  Devoniciia.   405.  Cordaites  Kobbii,  a  Group  of  Leaves. 

the  coal-measures,  therefore,  are  here  found,  though  imperfectly  de- 
veloped, and  the  coal  not  workable.  The  Carboniferous  day  is  already 
dawning. 


Fio.  408. 


Fio.  40;). 


Fios.  400^09.-Devonian  Corat.s:  400.  Acervnlaria  Davidson!  (nftor  HnllV   407.  Diphyphyllum 
Archiaci.   408.  Zaphrent  is  Worthcni  (after  Meek).   409,  Favositcs  hcmisphenca. 


DEVONIAN  ANIMALS. 


345 


Animals. 

In  accordance  with  our  prescribed  plan,  all  we  can  do  in  describing 
Devonian  animals  is  to  touch  prominent  points — to  notice  what  is  gomg 
out,  ivhat  is  coming  in,  some  few  characteristic  forms,  and  to  dwell 
only  on  what  bears  on  evolution. 

Celenterates. — Among  corals,  the  chain-corals  (Ilalysititls)  have  dis- 
appeared; the  other  orders  continue  under  different  species  (Figs.  406- 
409).    Among  Hydrozoa,  the  Grapiolites  are  gone. 

Echinoderms. — Among  Oriuoids,  the  Cystids  are  gone,  but  in  their 
place  the  Blastoids  (bud-like),  those  curious  crinoids,  with  petalloid 
markings  already  spoken  of  as  rare  in  the  Silurian,  become  more 
abundant.  The  Crinids,  or  plumose-armed  crinoids,  continue  undi- 
minished. The  Blastoids,  however,  are  still  moi'e  characteristic  of 
the  Carboniferous.  We  therefore  defer  their  illustration  to  that  pe- 
riod. 

BracMopods. — Brachiopods  are  still  very  abundant,  and  still  many 
of  them  of  the  characteristic  Palaeozoic,  square-shouldered  type. 
Among  spirifers,  the  long-winged  species  (Fig.  413)  are  very  abundant 


a  a  b 


Pig.  418.  Fio.  413. 

Fi(;».  410-413.— Devonian  Bhachiopods:  410.  Spirifcr  fornnoula  (nfter  Meok  and  WorthcnV.  a. 
Ventral  valve;  A.  Front  view.  411.  Orthis  Liviii:  17.  Dorsal;  b,  Side  view.  412.  Spirifcr  per- 
oxtensus  (after  Meek).   413.  Strophomena  rhomboidalis. 


and  characteristic.  We  give  a  few  figures  of  Devonian  bivalves,  both 
brachiopods  and  lamellibranchs,  and  a  few  univalves. 
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Cephalopods. — The  characteristic  Palaeozoic  Cephalopoda,  or  Ortho- 
ceratites,  coutiuue,  but  in  greatly-diminished  numbers  and  size;  but 
the  Ooniatites,  a  coiled-chambered  shell,  which  seems  to  be  the  beyiii- 


FiG.  418.  Fig.  421.  Fig.  420. 

Figs.  414-421. — Devonian  Lamellibuanchs,  Gastbropods,  and  Annelids  :  414.  Conocardiura 
trigonale  (after  Logan).  41.'5.  Avicnlopecten  parilis  (after  Meek).  416.  Ctenopistha  anliqna 
(after  Meek).  417.  Liicina  Ohioeneis  (after  Meek).  418.  Spirorbis  omphalodes,  enlarged,  a 
shelled  annelid.  419.  Spirorbis  Arkanenais.  420.  Orthonema  Newberryi  (after  Meek).  421. 
Bellerophon  Newberryi  (after  Meek). 


ning  of  the  Ammonite  family,  are  introduced  first  here.*  This  family, 
as  already  explained,  is  distinguished  by  the  complexity  of  the  junction 

of  the  septa  and  the  shell  (suture),  and 
by  the  ventral  position  of  the  siphun- 
cle.  In  the  Goniatites  the  sutures  are 
not  yet  very  complex.  They  are  only 
zigzag.    This  is  shown  in  the  figure. 

Crustacea.  —  The  very  characteris- 
tic Palaeozoic  order  Trilobites  is  still 
abundantly  represented,  although  it 
has  already  passed  its  prime,  and  is 
diminishing  in  number  and  size  of 
species.  The  Eurypterids  introduced 
in  the  Upper  Silurian  maintain  their 

Fig.  422.-Gonintto  lamellosus  (after      p,.^^^  through  the  Devonian. 


*  Some  arc  found  in  uppermost  Silurian  in  Europe,  but  not  in  America. 
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Insects. — We  have  already  seen  (page  339)  that  a  very  few  insects 
(cockroaches  and  scorpions)  have  been  found  in  the  Upper  Silurian. 
We  treated  these  as  anticipations.  In 
the  Devonian,  for  the  first  time,  they  be- 
come somewhat  abundant ;  and,  as  was  to 
be  expected,  are  found  in  connection  with 
the  abundant  land  vegetation  of  that 
time  (Figs.  425  and  426). 

The  Devonian,  and,  indeed,  all  the 
Palaeozoic  hexapod  insects,  according  to 
Scudder,  belong  to  one  order,  Palreodict- 
yoptera  (old  netted-winged),  a  generalized 
type  connecting  the  Neuropters  and  the  Orthopters.  A  chirping  oi"- 
gan  is  believed  to  have  been  found  in  some.    If  so,  it  imjDlies  also  an 


  » 

1 

 — I 


Fio.  4!!6.— Xenonenra  antiquorum  (after  Scndder). 

organ  of  hearing  in  these  early  insects.  The  supposed  chirping  organ 
is  shown  in  Fig.  426. 

Fishes. — The  grand  characteristic  of  the  Devonian  is  the  introduc- 
tion here  of  a  new  dominant  class — Fishes — and  of  a  new  department, 


Fig.  425. — Win^  of  Platephemera  an- 
tiqnn.  Devonian,  America  (after 
Dawson). 
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and  that  the  highest,  to  which  man  himself  belongs — the  Vertebrates. 
This  is,  indeed,  a  great  step  in  the  progress  of  life.  It  is  necessary, 
therefore,  to  treat  these  somewhat  fully. 

Commencing  far  back  in  the  Upper  Silurian,  few  in  number,  small 
in  size,  and  of  strange  unfishlike  forms  (see  Fig.  390,  p.  339),  with  the 

opening  of  the  Devonian  fishes 
greatly  increased  in  size  and 
number,  until  the  waters  fairly 
swarmed  with  them.  Never 
since  have  fishes  apparently  been 
more  abundant,  of  greater  size, 
or  better  armed  for  offense,  and 
especially  for  defense.  And  yet 
all  the  species,  genera,  and  even  families  then  existent,  are  now  extinct. 
Not  only  so,  but  typical  fishes — Teleosts — did  not  then  exist.  The 
Devonian  fishes  were  all  Ganoids  and  Elasmohranch  (sharks),  especial- 
ly Ganoids. 

We  have  said  some  were  of  great  size.  The  Dinichthys  (Fig.  427) 
of  the  Ohio  Devonian,  according  to  Newberry,  was  at  least  eighteen  feet 
long  and  three  feet  thick.  A  specimen  of  Titanichthys  recently  found 
was  nearly  six  feet  across  the  head  (Claypole),  and  with  orbits  of  eyes 
three  inches  in  diameter.  The  animal  could  hardly  have  been  less  than 
thirty  feet  long.    The  Onychodus  (Figs.  428-430)  was  twelve  to  fifteen 


Fio.  427.— Jaws  of  Dinichthys  Terrelli,  x  ^  (after 
Newberry). 


Fig.  428. 


Fig.  429. 


Fig.  430. 


Ficis.  428-430.— Ontchodus  sigmoidics  (after  Newberry):  498.  Scale,  natural  size.   429.  A  Tooth, 
natural  size.   430.  A  Row  of  Front  Teeth,  reduced. 

feet  in  length,  and  had  jaws  two  feet  long,  armed  with  teeth  two  inches 
long.  We  have  said  also  that  they  were  many  of  them  armed,  espe- 
cially for  defense.  All  Ganoids,  but  especially  Devonian  Ganoids,  were 
covered  with  an  impenetrable  coat  of  mail,  composed  of  thick,  closely- 
fitting,  bony,  enameled  scales  or  plates.  We  are  indebted  to  this  fact 
that  their  external  forms  are  often  so  well  preserved ;  for  their  skele- 
tons were  wholly  cartilaginous,  and  therefore  unsuitable  for  preserva- 
tion.  The  Elasmobranchs,  on  the  other  hand,  had  neither  bony  skele- 
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ton  nor  bony  scales.  We  know  them,  therefore,  mainly  by  their  teeth 
and  by  certain  spines  supporting  their  fins,  although  recently  the  form 
of  some  have  been  seen.  The  Ganoids  are,  therefore,  the  more  inter- 
esting. 

Characteristic  Examples  of  Devonian  Fishes.  — The  Cephalaspis 
(Fig.  4ol)  and  Pteraspis  (Fig.  432)  are  among  the  earliest  and  most 
curious  forms.    The  former  was  a  small  fish,  seven  or  eight  inches 


is^  ^l.-^a-J.-nKvoAjiAN  Fn'ur.s-Ganoulfi :  431.  Cci)haln8piH  Lyelli  (after  Nicholson^  432 

Tmmf■firV"'^'^i'''n''^^''^"'''^''"■'*•'^""  Dawson).   433.  Pterychthya  restored  (after 

iraquair).  434.  CoccoBteus  docipiens  (after  Owen).  "vi^vi 
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Fig.  440. — Dbvonian  FiBB—Elasmobranchs  :  Machteracanthus  major,  Spine  reduced 

(after  Newberry). 


long,  with  a  broad  head,  shaped  somewhat  like  the  head-shield  of  a 
Trilobite,  and  covered  with  bony,  enameled  plates ;  and  body  covered 
with  rhomboidal  ganoid  scales.  In  the  Coccosteus  and  Pterichthys 
(Figs.  433  and  434)  the  large,  close-fitting,  immovable  plates  covered 
not  only  the  head  but  the  anterior  portion  of  the  body.  The  huge 
Dinichthys  (Fig.  427)  and  Titanichthys  were  similarly  plated  on  head 
and  body.  Others,  however,  such  as  the  Osteolepis  (Fig.  436),  the 
Holoptychius  (Fig.  436),  Diplacanthus  (Fig.  438),  etc.,  had  more  fish- 
like forms,  and  were  covered  with  movable  ganoid  scales,  either  rhom- 
boidal or  imbricated. 

Perhaps  the  most  extraordinary  and  certainly  the  largest  of  all 
Devonian  fishes  belong  to  the  family  of  Dinichthys.  The  peculiar 
structure  of  jaws  and  teeth  is  shown  in  Fig.  427,  taken  from  Newberry. 
Almost  equally  remarkable  is  another  Ohio  fish  described  by  Dr.  New- 
berry, the  singular  teeth  of  which  are  shown  in  Figs.  429  and  430. 

Of 'the  Elasmobranchs  the  external  forms  are  rarely  seen.  We  give 
an  example  in  Fig.  439,  but  their  teeth  and  enormous  spines  are  more 
abundant  (Fig.  440). 

Classification  of  Devonian  Ganoids. — As  above  described,  Devonian 
Ganoids  fall  naturally  into  two  groups — viz.,  Lepido-ganoids  (scale 
Ganoids),  or  true  Ganoids,  and  Placo-gaoioids  (plate-ganoids),  or  Placo- 
derms.  The  former  are  covered,  like  modern  Ganoids,  with  bony,  en- 
ameled scales,  which  may  be  close-fitting,  rhomboidal  (Figs.  436-438), 


Fiog.  441-442. — ^Nbabbst  Living  Ali^ies  op  Devonian  FisnEs:  441.  Lepidosircn.  442.  Ceratodus 

Fosterii,  x     (after  Quntlier). 
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Fig.  446, 


Figs.  443-446. — Nearest  Living  Ai.mes  or  Devonian  Fishes  :  44.3.  Polypterns.  444.  Lepidosteim 
(Gar-fish).  44.5.  Amia  (American  Mud-fish).  446.  Cestraciou  Phillippi  (a  Living  Cestraciont 
from  Australia). 

or  imbricated  (Fig.  435).  The  latter  are  covered  more  or  less  com- 
pletely with  broad,  immovable  plates  (Figs.  433  and  434).  The  Placo- 
derms  are  entirely  characteristic  of  the  Devonian  (and  Upper  Silurian), 
and  become  extinct  after  that  time.  The  Lepido-ganoids  have  contin- 
ued in  diminishing  numbers  and  different  species,  genera,  and  families, 
to  the  present  day.  One  family  of  these  is  very  characteristic  of  Devo- 
nian— viz.,  Orossopterygians  (fringed-limb),  so  called  because  the  limbs 
seem  to  come  out  from  the  body  into  the  fin  like  a  true  limb.  All  the 
strangest  and  largest  forms — such  as  the  Cephalaspis,  the  Coccosteus. 
the  Pterichthys,  the  Dinichthys,  and  the  Titanichthys,  are  Placoderm?. 
They  were  heavy,  sluggish,  uncouth  animals,  relying  for  safety  rather 
upon  protective  armor  than  upon  swiftness. 

Nearest  Allies  among  Existing  Fishes. — The  Placoderms  have  no 
close  allies  among  living  fishes.  Some  have  imagined  the  sturgeon  to 
be  distantly  allied  ;  and  Dr.  Newberry  finds  some  affinities  in  the  Lepi- 
dosiren  witli  the  Dinichthys.    They  were  probably  a  generalized  type 
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connecting  Ganoids  and  Elasmobranclis.  The  Lepido-ganoids,  how- 
ever, still  have  living  congeners,  which  throw  light  upon  their  struct- 
ure (Figs.  441-445).  Among  the  nearest  allies  are  the  Lepidosiren 
and  Protopterus  of  South  American  and  African  rivers,  the  Geratodus 
of  Australian  rivers,  and  the  Polypterus  of  the  Nile.  It  will  be  noted 
that  these,  especially  the  first  two,  have  almost  veritable  legs  instead  of 
paired  fins.  The  Ceratodus, 
especially,  is  a  living  Cros- 
sopterygian.  It  is  well  to 
note  also  that  the  Lepidosi- 
ren is  the  most  reptilian  or 
rather  amphibian  of  all  fishes, 
and  next  in  this  respect 
comes  Ceratodus.  These  two 
have  a  three-chambered  heart 
and  a  tolerably  good  lung  and 
nostrils,  and  breathe  air  as 
well  as  water,  like  many  am- 
phibians.    They   also  have 

cartilaginous    skeletons,    like         Fig.  447.— Dental  Plate  of  Cestraclon  Phillippi. 

Devonian  fishes.    Less  near 

allies  are  found  in  the  gar-fish  (Lepidosteus)  and  the  mud-fish  (Amia) 
of  our  Atlantic  and  Gulf  rivers.  These  also  supplement  their  gill- 
breathing  with  a  little  air  gulped  down  into  their  vascular  air-bladder 
from  time  to  time. 

The  nearest  congener  of  Devonian  Elasmobranchs  is  found  in  the 
Cestracion,  or  Port  Jackson  shark  of  Australia  (Fig.  446).  This  is 
characterized  not  only  by  the  strong  bony  spine  supporting  the  median 
fins,  but  also  by  the  cobblestone-pavement  teeth  (Fig.  447)  characteris- 
tic of  Devonian  sharks.  The  family  is  called  Cestracionts.  The  De- 
vonian sharks  were  nearly  all  Cestracionts.  The  Cladodonts  alone 
(Fig.  439)  had  teeth  more  nearly  approaching  those  of  modern  sharks. 

General  Characteristics  of  Devonian  Fishes. — Leaving  out  some  low 
aberrant  forms,  which  are  so  soft  and  perishable  that  they  are  unlikely 
to  be  preserved,  and  therefore  are  of  little  geological  importance,  fishes 
may  be  conveniently  divided  into  three  orders — viz.,  Teleosts,  Ganoids, 
and  Placoids.  Under  Ganoids  we  include  also  the  Dipnoi  (Lepidosi- 
ren and  Ceratodus),  because  these  (Ganoids  and  Dipnoi),  though  quite 
distinct  now,  run  into  each  other  completely  in  going  backward  in 
geological  time :  1.  Now,  of  these  three  orders,  the  Teleosts  (perfect 
bone)  are  by  far  the  most  numerous  at  present;  so  much  so,  that  the 
word  Jish  calls  up  at  once  this  kind.  Under  this  order  come  all  ordi- 
nary or  typical  fishes,  such  as  the  perch,  the  salmon,  the  cod,  etc.  In 
Devonian  times,  on  the  contrary,  there  were  no  Teleost  fishes.  TJicy 
24 
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loere  all  Ganoids  and  Elasmobranchs.  Ganoids  are  now  nearly  ex- 
tinct. 

3.  Ganoids  of  the  present  day  have  some  of  them  bony  skeletons 
(Lepidostous),  but  most  of  them  cartilaginous  skeletons,  AH  the  De- 
vonian Ganoids  had  cartilaginous  skeletons.  Elasmobranchs,  both  now 
and  in  all  times,  had  cartilaginous  skeletons.  Therefore,  all  Devonian 
fishes,  without  exception,  had  cartilaginous  skeletons.  It  is  well  to  note 
that  among  Teleost  fishes  this  is  an  embryonic  character. 

3.  The  position  of  the  mouth  of  Teleosts  is  usually  at  the  end  of 
the  snout,  or  even  often  looking  a  little  upward.  Ganoids  now,  most 
of  them,  have  the  mouth  like  Teleosts,  at  the  end  of  the  snout ;  but 
some  (sturgeon)  have  it  beneath  on  the  ventral  surface.  The  same  was 
true  in  Devonian  times.  The  Lepido-ganoids  had  the  mouth  at  end 
of  the  snout;  but  the  Placo-ganoids  usually  on  the  ventral  surface. 
Elasmobranchs  in  all  times  have  the  mouth  beneath.  Therefore,  all 
the  Devonian  fishes,  except  the  Lepido-ganoids,  or,  we  might  say,  the 
most  characteristic  Devonian  fishes,  have  the  mouth  in  the  ventral  posi- 
tion.   This  also  may  be  regarded  as  an  embryonic  character. 

4.  The  tail-fins  of  fishes  are  mainly  of  two  types,  the  homocercnl 
or  even-lobed  (Fig.  448),  and  the  heterocercal  or  uneven-lobed  (Fig. 
449).  The  one  is  characteristic  of  Teleosts,  the  other  of  sharks  and 
some  other  fishes.  These  differ  not  only  in  shape,  but  still  more  in 
structure.    In  the  former,  the  back-bone  stops  abruptly  in  a  few  large 


l''io.  448  — Homocorcal  Tail-An:  A,        Fiv..  440.— netcroccrcnl  or  Vertobratcd  Tail-fin:  A, 
form;  B,  structure.  form;  B,  structure. 


joints,  which  send  off  the  rays  to  the  fin  (Fig.  448,  B),  in  the  latter  the 
backbone  runs  through  the  fin  and  gives  off  rays  in  pairs  above  and 
below  (Fig.  449,  B).    Tlie  former  is  a  non-vertcbraied,  the  latter  a 
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verteirated,  tail-fin.  There  is  still  a  third  style  in  which  the  tail-fin  is 
vcrteh-atecl  but  yet  symmetric  as  in  Fig.  450,  A  and  B.  This  style  has 
been  called  diphyccrcal  by  Huxley.  It  is  the  most  primitive  type.  It 
is  well  to  note  that  in  the  embryouic  development  of  Teleosts,  the  tail 
passes  through  these  stages  successively.  Now,  in  living  Ganoids, 
the  tail-fin  is  vertebrated, 
though  in  some  cases  only 
slightly  so  ;  in  Devonian 
Ganoids  the  tail-fins  are  al- 
ways distinctly  vertebrated. 
All  Elasmobranchs,  both 
living  and  extinct,  have 
vertebrated  tail-fins.  There- 
fore, all  Devonian  fishes, 

Wifhout  exception,  had  Ver-  450.-Vertebrated  bnt^Symmetrical  Fin:  A,  form; 

febrated  tail  -fins  —  som e- 

times  heterocercal  (Figs.  432,  435,  438),  and  sometimes  diphycercal 
(Figs.  433,  436,  and  437). 

5.  In  all  Teleosts,  and  in  nearly  all  living  fishes,  the  paired  fins 
(corresponding  to  limbs)  are  simply  fins.  The  bones  of  the  limbs  are 
buried  in  the  body.  But  there  is  one  very  characteristic  Devonian 
family  (Crossopterygians)  in  which  the  limb  is  a  lobe  of  the  body  ritn- 


FiG.  451. — Head  and  fore  limb  of  a  Ceratodus.        Fio.  452.— Hind-limb  of  same  (after  Gunther). 

ning  through  the  fin  and  supported  by  a  jointed  skeleton.  It  is  more 
like  a  paddle  or  flipper  than  a  true  fin.  The  relation  between  the  two 
styles  of  paired  fins  is  similar  to  that  of  the  two  styles  of  tail-fins.  If, 

in  the  other  case,  we  had  a  verteirated 
tail-fin,  in  this  we  have  legged  paired 
fins.  This  style  of  jiaired  fins  is  still 
found  in  some  fishes,  as  the  Ceratodus, 
Fig.  442,  and  the  structure  resembling 

Fio.  45.3.  —  Strncture  of  a  Ganoid  Tooth   a  leg  is  shown  in  FigS.  451  and  452. 
(after  Agassiz):  f[,  External  form,  nat-  „    mi       ,     ii       ^  i-w 

iirai  size;  6,  enlarged  section,  showing       6.  The  teeth  01  many  Devonian 

Ganoids  are  fluted  or  channeled  on  the 
outer  surface  near  the  base  (Fig.  453,  a).  On  section  it  is  found 
that  the  inner  surface  next  the  pulp  is  deeply  folded  (Fig.  453,  I). 
Tliis  is  called  labyrinthine  structure.  It  is  still  more  marked  in  early 
Amjjhibians,  and  may  be  regarded  as  an  amphibian  character. 
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7.  Devonian  Elasmobranchs  were  nearly  all  Cestracionts,  i.  e.,  they 
all  had  cobblestone-pavement  teeth,  instead  of  the  lancet-shaped  teeth 
characteristic  of  modern  sharks. 

Devonian  Fishes  were  Generalized  Types.— Teleosts  are  typical 
fishes;  Ganoids  and  Elasmobranchs,  especially  Devonian  Ganoids  and 
Elasmobranchs,  were  both  connecting  and  embryonic  types — i.  e.,  along 
with  their  distinctive  fish-characters  they  combined  others  which  con- 
nect them  with  higher  vertebrates,  especially  amphibians,  and  still 
others  which  are  found  in  the  embryos  of  Teleosts.  The  most  im- 
portant connecting  characters  of  Ganoids,  especially  Devonian  Ganoids, 
are :  1.  An  external  protective  armor  of  thick,  bony  plates  or  scales, 
such  as  were  possessed  by  early  amphibians,  and  by  many  reptiles  of 
the  present  time.  2.  Large  conical  teeth  channeled  at  the  base,  and  of 
labyrinthine  structure  on  section.  This  structure  was  very  marked  in 
early  amphibians.  3.  A  cellular  air-bladder,  freely  supplied  with  blood, 
opening  into  the  throat,  and  capable  of  being  used  to  some  extent  as  a 
lung.  We  do  not  hnoio  that  this  was  true  of  Devonian  Ganoids,  but 
it  probably  was,  since  it  is  true  of  all  their  nearest  living  allies,  viz., 
Lepidosteus,  Polypterus,  Amia,  and  especially  Ceratodus  and  Lepi- 
dosiren.  4.  In  many  cases  paired  fins  which  had  something  like 
jointed  legs  running  through  them.  5.  The  tail-fin  vertebrated  as  in 
reptiles. 

Combined  with  these  connecting  characters  are  others  which  are 
distinctly  embryonic — i.  e.,  are  found  now  in  the  embryos  of  Teleosts. 
The  most  conspicuous  of  these  are :  1.  Cartilaginous  condition  of  the 
skeleton,  and  even  the  retention  of  the  fibroics  notocho7:d,  which  pre- 
cedes in  the  embryo  the  segmentation  of  the  vertebral  column.  2.  In 
the  Placoderms,  the  ventral  position  of  the  mouth,  as  in  the  embryo  of 
Teleosts.  3.  The  vertebrated  tail-fin  may  be  regarded  as  a  connecting 
character,  since  it  is  possessed  by  nearly  all  amphibians  and  reptiles. 
But  it  may  be  regarded  also  as  an  embryonic  character,  since  the  tail 
of  a  Teleost  passes  successively  through  the  stages  represented  by  Figs. 
448-450,  being  first  diphycercal,  then  heterocercal,  and  finally  homocer- 
cal.    It  is  doubtless  both  connecting  and  embryonic. 

In  Elasmobranchs,  both  living  and  extinct,  there  is  a  similar  com- 
bination of  connecting  and  embryonic  characters,  but  in  this  case  the 
embryonic  seem  to  predominate.  We  have  here,  as  before:  1.  The 
♦  cartilaginous  skeleton.  2.  The  ventral  position  of  the  mouth.  But 
in  addition  to  these,  also,  3.  The  absence  of  an  opercle  or  gill-cover, 
growing  backward  and  covering  the  gill-slits.  4.  Perhaps  the  leathery 
or  imperfectly-rayed  condition  of  the  fins;  and,  5.  The  ligamentous 
instead  of  bony  attachment  of  the  teeth. 

On  the  other  hand,  the  Elasmobranchs,  at  least  those  of  the  present 
day,  have  some  very  high  connecting  characters  in  their  reproduction. 


DEVONIAN  ANIMALS. 


357 


In  all  Elasmobranchs  the  impregnation  is  internal  and  not  external,  as 
is  usual  in  Teleosts  ;  and  therefore,  instead  of  spawning  a  great  num- 
ber of  small,  uninipregnated  ovules,  they  lay  either  few  large,  well- 
covered,  impregnated  eggs,  like  birds  and  reptiles  (skates  and  some 
sharks),  or  else  incubate  their  eggs  witliin  the  oviduct,  and  bring  forth 
their  young  alive  (ovo-viviparous)  like  some  reptiles.  In  some  cases 
there  is  even  an  attachment  between  the  yolk-sac  of  the  internally- 
hatched  young  and  the  oviduct  of  the  mother,  somewhat  similar  (but 
not  homologous)  to  that  of  the  placenta  to  the  uterus  in  the  mammal. 
Tlie  young  of  Placoids  also  have,  at  first,  a  kind  of  external  branchiae, 
like  those  of  amphibians. 

The  following  schedule  briefly  embodies  these  facts.  It  is  seen  that 
in  the  Ganoids  the  connecting,  in  the  Elasmobranchs  embryonic,  char- 
acters predominate  ;  but  that  in  the  Placoids  the  connecting  characters 
are  very  high.  The  Lepido-ganoids  of  Devonian  and  Carboniferous 
times  were  far  more  connecting  or  reptilian  than  the  Ganoids  of  the 
present  day.  Hence  these  have  been  called  Sauroids  by  Agassiz  and 
HerpeticlUhyes  by  Huxley : 


Ganoids. 

Elasmobbanciis. 

C  Bony  armor. 

Teeth  labyrinthine. 
Connecting  \  Swim-bladder  =  lungs. 

Paired  fins  =  legged. 

[  Tail-fin  =  vertcbrated. 

r,  .       .    (  Skeleton  =  cartilaginous. 
Embryonic  i        ,1           .    1  ° 
•'        (  Mouth  =  ventral. 

Keproduction.                  )  „ 

Tail-fin  =  vertcbrated.        \  Connecting. 

Skeleton  =  cartilaginous.  \ 

Mouth  —  ventral.  | 

Gill-slits  uncovered.            J- Embryonic. 

Fins  imperfectly  rayed.  j 

Teeth  imperfectly  attached.  J 

Bearing  of  these  Facts  on  the  Question  of  Evolution. — It  is  seen 
above  that  the  Devonian  fishes  combined  certain  high  characters  with 
certain  low  characters.  From  one  point  of  view  they  seem  lower,  from 
another  higher,  than  ordinary  fishes.  There  has  been  some  dispute, 
therefore,  whether  in  the  history  of  fishes  we  find  a  law  of  progress  or 
a  law  of  regress ;  in  other  words,  whether  or  not  it  sustains  a  law  of 
evolution.  The  dispute  is  a  result  of  a  misconception  of  the  nature  of 
evolution.  The  most  fundamental  law  of  evolution  is  the  lazu  of 
differentiation  and  specialization,  and  the  Devonian  fishes  are  an  ad- 
mirable illustration  of  that  law.  The  law  may  be  stated  thus :  The 
first  introduced  of  any  class,  order,  or  family,  are  7iot  typical  examples 
of  their  class,  order,  etc.,  but  connecting  types — i.  e.,  forms  which, 
along  with  their  distinctive  classic,  ordinal,  or  family,  characters,  com- 
bine others  which  connect  them  with  other  classes,  orders,  etc.  In  the 
process  of  evolution  such  connecting  or  generalized  forms  as  a  common 
stem  are  separated  into  several  specialized  branches.  Thus  the  Devo- 
nian fishes  were  not  typical  fishes  as  we  now  know  them,  but  Sauroids 
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— i.  e.,  along  with  their  distinctive  fish  characters  they  combined  others 
which  closely  allied  them  with  amphibians.  They  were  the  repre- 
sentatives and  progeriitors  of  hoili  classes ;  from  this  common  stem 
diverged  two  branches,  viz.,  typical  fishes  on  tlie  one  hand,  and 
amphibians  on  the  other.  Such  connecting  links  with  other  classes 
or  orders  are  variously  called  connecting  types,  synthetic  types,  com- 
bining types,  comprehensive  types,  generalized  types.  We  shall  usually 
call  them  generalized  types,  and  their  diiferentiated  outcomes  specialized 
types.  We  shall  find  many  such  in  the  course  of  the  history  of  the  or- 
ganic kingdom. 

Suddenness  of  Appearance. — But  it  is  impossible  to  overlook  tlic 
apparent  suddenness  of  the  appearance  of  a  new  class — Fishes — and  a 
new  department — Vertebrates — of  the  animal  kingdom.  At  a  certain 
horizon,  and  that  without  break  by  unconformity,  and  therefore  with- 
out notable  loss  of  record,  fishes  appear  in  great  numbers  and  variety. 
It  looks  at  first  as  if  they,  came  without  progenitors.  This  apparent 
suddenness,  however,  is  greatly  diminished  by  recent  discoveries. 
Fishes,  few  in  number,  small  in  size,  and  low  in  organization,  have 
now  been  found  far  down  in  the  Upper  Silurian.  The  gap  is  still 
great,  but  will  be  made  less  and  less  by  continued  discovery.  Never- 
theless, in  spite  of  all  this  it  is  diflBcult  to  account  for  the  enormous 
increase  in  the  number,  size,  and  variety  of  fishes  at  the  opening  of  the 
Devonian  unless  we  admit  paroxysms  of  more  rapid  movement  in  evo- 
lution— unless  we  admit  that,  when  the  conditions  are  favorable,  and 
the  time  is  ripe  for  a  certain  change,  it  takes  place  with  exceptional 
rapidity,  perhaps  in  a  few  generations. 

Amphibians  and  reptiles  have  not  yet  been  found  in  the  Devonian. 
Fishes,  therefore,  were  the  highest  and  most  powerful  animals  then 
living.  They  were  the  rulers  of  the  Devonian  seas.  The  previous 
rulers,  therefore — viz.,  Orthoceratites  and  Trilobites,  according  to  a 
necessary  law  in  the  struggle  for  life — diminish  in  number  and  size, 
and  seek  safety  in  a  subordinate  position. 

Section"  3. — Carboniferous  System. — Age  of  Acrogens  axd 

Amphibians. 

Retrospect. — Bofore  taking  up  in  detail  this  important  and  inter- 
esting age,  it  will  be  instructive  to  glance  back  over  the  ground  trav- 
ersed, and  draw  some  conclusions. 

If  we  compare,  in  physical  geography,  the  American  with  the  Eu- 
ropean Continent,  we  find  the  one  nuirked  by  simplicity  and  the  other 
by  complexity  of  structure.  This  is  true  not  only  of  the  map-outline, 
but  also  of  the  profile-outline,  or  orographic  structure.  Now,  as  history 
furnishes  the  key  to  social  and  political  structure,  so  geology  furnislio?! 
the  key  to  physical  structure.    The  American  Continent— at  least  in  its 
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eastern  part — has  developed  comparatively  steadily  from  the  Laurentian 
nucleus  southward  and  westward,  and  probably  northward.  We  have 
already  seen  how  the  Silurian  area  was  added  to  the  Laurentian,  and 
the  Devonian  to  the  Silurian.  It  shall  be  our  pleasure,  hereafter,  to 
show  the  continuance  of  this  steady  development  throughout  the  Avhole 
geological  history.  For  our  knowledge  on  this  interesting  subject  we 
are  indebted  almost  wholly  to  Prof.  Dana. 

In  the  case  of  America,  the  continent  thus  sketched  in  outline  in 
the  earliest  times  has  been  steadily  worked  out  in  detail  throughout  all 
subsequent  time;  with  some  very  considerable  oscillations,  it  is  true,  de- 
termining nnconformability  of  strata,  rapid  changes  of  physical  geog- 
raphy and  climate,  and  therefore  of  species,  thus  marking  the  great 
divisions  of  time,  but  on  the  whole  without  change  of  plan  or  wavering 
of  purpose ;  in  the  case  of  Europe,  on  the  contrary,  geological  history 
consists  of  a  series  of  oscillations  so  great  that  it  amounls  to  a  succes- 
sive making  and  unmaking  of  the  continent.  Therefore  Dana  has 
called  North  America  the  ty2)e  continent  of  the  world. 

Hence,  nearly  all  geological  problems  are  expressed  in  simpler 
terms,  and  are  more  easily  solved,  here  than  there.  Hence,  also,  while 
in  Europe  the  ages  and  periods  are  separated  by  unconformability  of 
the  rock-system,  as  well  as  change  in  the  life-system,  in  America  they 
are  separated  mainly  by  change  in  the  life-system  only. 

Subdivisions  of  the  Carboniferous  System  and  Age. — The  Carbonif- 
erous age  is  subdivided  into  three  periods,  viz. :  1.  Sub-Carboniferous; 
2.  Coal-measures,  or  Carboniferous  proper ;  3.  Permian. 

The  sub-Carboniferous  was  the  period  of  preparation ;  the  Coal- 
measures  the  period  of  culmination  ;  the  Permian  the  period  of  decline 
and  transition  to  the  Mesozoic.  The  whole  thickness  of  the  carbon- 
iferous strata  in  Nova  Scotia  is  16,000  feet ;  in  South  Wales  it  is  14,000 
feet;  in  Pennsylvania  9,000  feet,  and  in  Lancashire  16,336  feet.* 

The  sub-Carboniferous  consists  mainly  of  marine  formations ;  the 
Coal-measures  mainly  of  fresh-water  formation — the  former  mainly  of 
limestone,  the  latter  mainly  of  sands  and  clays  ;  the  fossils  of  the  for- 
mer are,  therefore,  mainly  marine  animals,  of  the  latter  mainly  fresh- 
water and  land  animals  and  plants,  though  marine  animals  are  also 
found.  In  both  Europe  and  America  the  coal-basins  consisting  of  the 
latter  are  underlaid  by  the  former,  which,  m-oreover,  outcrop  all  around, 
forming  a  penumbral  margin  to  the  dark  areas  representing  coal-basins 
on  geological  maps  (see  map,  page  302).  Between  these  two,  or,  rather, 
forming  the  lowest  member  of  the  Coal-measures,  there  is,  in  many 
places,  a  thick,  coarse  sandstone,  called  the  millstone  grit. 

After  this  general  contrast,  we  will  now  concentrate  nearly  our 


*  Dawkins,  Nature,  vol.  xxxviii,  p.  449,  1888. 
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whole  attention  upon  the  Carboniferous  period  proper ;  because  in  thia 
middle  period  culminated  all  the  more  striking  characteristics  of  the 
age.  In  speaking  of  the  life-system,  however,  we  will  draw  from  both 
sub-Carboniferous  and  Carboniferous  indilferently.  The  Permian  we 
shall  treat  only  as  a  transition  to  the  next  era. 

Carloniferous  Proper — Rock-System  or  Coal-Meastires. 

The  Name. — The  Carboniferous  period  is  but  one  of  the  three  peri- 
ods of  this  age.  The  Carboniferous  age  is,  again,  but  one  of  the  three 
ages  of  the  Palaeozoic  era,  while  the  Palaeozoic  era  is  itself  but  one  of 
the  four  great  eras,  exclusive  of  the  present,  of  the  whole  recorded  his- 
tory of  the  earth.  The  Carboniferous  period,  therefore,  is  probably  not 
more  than  one  thirtieth  part  of  that  recorded  history.  Yet,  during  that 
period  were  accumulated,  and  in  the  strata  of  that  period  (Coal-meas- 
ures) are  still  inclosed,  at  least  nine  tenths  of  all  the  worked  coal,  and 
prolcibly  nearly  nine  tenths  of  all  the  workable  coal  in  the  world.  It  is 
essentially  the  coal-hearing  feriod.  When  we  remember  that  every 
geological  period  has  its  characteristic  fossils,  by  means  of  which  the 
formation  may  be  at  once  recognized  by  the  experienced  eye,  it  is  easy 
to  see  the  importance  of  this  simple  fact  as  a  guide  to  the  prospector. 
It  has  been  estimated  that  the  money,  time,  and  energy,  uselessly  ex- 
pended in  the  State  of  New  York  in  explorations  for  coal,  where  any 
geologist  might  be  sure  there  was  no  coal,  would  suflQce  to  make  a  com- 
plete geological  survey  of  the  State  several  times  over !  The  same  is 
true  of  Great  Britain  and  many  other  countries. 

Thickness  of  Strata. — Although  constituting  so  small  a  portion  of 
the  whole  stratified  crust  of  the  earth,  the  coal-measures  are  in  some 
places  of  enormous  thickness.  In  Nova  Scotia  they  are  13,000  feet ; 
in  Soutli  Wales,  12,000  feet;  in  Pennsylvania,  4,000  feet;  in  West 
Virginia,  over  4,500  feet ;  in  Indian  Territory,  8,000  to  10,000  feet.* 

Mode  of  Occurrence  of  Coal. — Such  being  the  thickness  of  the  coal- 
measures,  it  is  evident  that  bat  a  small  proportion  consists  of  coal. 
The  coal-measures  consist,  in  fact,  of  thick  strata  of  sandstone,  shales, 
and  limestone,  like  other  formations ;  but  in  addition  to  these  are  in- 
terstratified  thin  seams  of  coal  and  beds  of  iron-ore.  Even  in  the  rich- 
est coal-measures,  the  proportion  of  coal  to  rock  is  not  more  than  as  1 
to  50,  and  the  proportion  of  iron  is  still  much  smaller.  In  some  coal- 
fields, as,  for  example,  in  the  Appalachian,  ??zec/(«?i/cflf7  sediments,  shales, 
and  sandstones,  predominate ;  in  others,  as  in  the  Western  coal-fields, 
organic  sediments  or  limestone  predominate. 

The  five  kinds  of  strata  mentioned  are  repeated  in  the  same  coal- 
basin  very  many  times — perhaps  100  or  more,  as  in  the  accompanying 


*  American  Geologist,  vol.  vi,  p.  238,  1890. 
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section ;  but,  in  comparing  one  coal-field  with  another,  or  in  the  same 
coal-field,  in  comparing  one  portion  of  the  series  with  another,  there  is 
no  regular  order  of  success'io7i  discoverable.  Except  that  ^ 
immediately  in  contact  with  the  seam,  and  beneath  it, 
there  is  nearly  always  a  thin  stratum  of  Jine  fire-clay.  Si 
This  constant  attendant  of  a  coal-seam  is  called  the  un- 
der-day. Again,  immediately  above,  and  therefore  form- 
ing the  roof  of  the  opened  seam,  there  is  frequently, 
though  not  so  constantly,  a  shale  which,  being  impreg- 
nated with  carbonaceous  matter,  is  called  the  black  shale 
or  black  slate.  These  accompaniments  are,  however, 
usually  too  thin  to  appear  on  sections. 

In  different  portions,  however,  of  the  same  coal-field 
at  the  same  geological  horizon,  we  are  apt  to  find  the 
same  order.  This  is  the  necessary  result  of  the  con- 
tinuity of  the  strata  over  the  whole  basin.  If  we  repre- 
sent coal-basins,  with  their  five  different  kinds  of  strata, 
by  reams  of  variously  -  colored  paper,  then,  while  the 
order  of  succession  may  be  different  in  the  different 
reams,  and  in  the  upper  or  lower  portion  of  the  same 
ream,  yet  at  the  same  level  we  find  the  same  order  in 
every  portion  of  the  same  ream.  This  is  a  test  of  a 
coal-field  even  when  separated  by  denudation  into  sev- 
eral basins.  It  is  also  a  mode  of  identifying  individual 
coal-seams;  for,  if  the  strata  be  continuous,  then  the 
seam  will  have  the  same  accompanying  strata  above  and 
below.  The  Pittsburg  seam  has  been  thus  identified, 
with  great  probability,  over  an  area  of  14,000  square  miles,  and,  allow- 
ing for  removal  by  denudation,  over  an  orignal  area  of  34,000  square 
miles.  Eogers  thinks  the  original  area  may  have  been  90,000  square 
miles.*  This  rule  for  the  identification  of  coal-seams  of  known  value 
is  often  of  practical  importance ;  but  it  must  be  remembered  that  the 
strata  of  coal-measures,  both  the  seams  and  the  accompanying  shale 
and  sand-stones,  like  all  other  strata,  thin  out  on  their  edges  (page 
181).  Nevertheless,  there  is  a  most  extraordinary  continuity  in  the 
strata  of  the  coal-measures. 

Plication  and  Denudation. — Coal-bearing  strata,  like  all  other  strata, 
were,  of  course,  originally  horizontal  (page  181)  and  continuous,  but, 
like  other  strata,  they  are  now  found  sometimes  horizontal  and  some- 
times dipping  at  all  angles,  and  folded  in  the  most  complex  manner. 
In  the  Appalachian  region,  especially  in  the  anthracite  region  of 
Northern  Pennsylvania,  the  strata  are  very  much  disturbed  and  the 


Fig.    454.  —  Ideal 

Section,  showing 
Alternation  of 
Different  Kinds 
of  Strata  :  Ss, 
Sandstone  ;  Sh, 
Shale ;  Limes- 
tone ;  i,  Iron; 
and  c,  Coal. 


*  Phillips,  Geology,  p.  217. 
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coal-seams  interstratified  with  them  are  often  nearly  perpendicular 
(Fig.  455),  while  iu  Illinois  and  Iowa  the  coal-strata  are  nearly  or  quite 


Fio.  455.— Section  of  Pantlier  Creek  Coal-Basin  (after  Ashburiier). 


horizontal  (Fig.  456).  But,  whether  horizontal,  or  gently  folded,  or 
strongly  plicated,  in  all  cases  denudation  has  carried  away  much  of  the 


Fig.  456.— Illinois  Coal-Field  (after  Daddow). 


upper  portions,  leaving  them  in  isolated  patches  as  mountains  or  basins, 
as  shown  in  the.  map  of  Northern  Pennsylvania  (Fig.  458)  and  in  the 
section  (Fig.  457). 


Fig.  457.— Section  of  Appalachian  Coal-Field.  Pennsylvania,  showing  Effects  of  Erosion  on  Gently 

UndiiliUiiiir  Stnita  (afler  Lesley). 


Fio.  4.58.— .Map  of  .\ntliracite  Region  of  Pcnnsylvnnin  (after  Lesley), 
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By  means  of  the  rule  for  identifying  seams  given  above,  it  is  often 
easy  to  trace  the  same  seam  from  one  basin  to  another,  or  from  one 
mountain-side  to  anotlier,  with  great  certainty. 

Faults. — It  is  plain,  from  what  has  been  said  above,  that  there  is 
an  essential  difference  between  a  coal-.vea/M  and  a  metalliferous  vein. 
Coal-seams  are  conformable  with  the  strata,  and  are  therefore  tvorked 
wholly  iet'wee7i  the  strata.  This  would  be  a  comparatively  easy  matter 
if  it  were  not  for  slips  or  faults  which  often  occur,  and  sometimes  make 
the  working  unprofitable.  In  case  of  a  fault,  it  is  important  to  remem- 
ber the  rule  already  given  on  page  241,  viz.,  that  most  commonly  the 


Fig.  459.— Section  across  Yarrow  Colliery,  showing  the  Law  of  Faults  (after  De  la  Beche). 


strata  on  the  foot- wall  side  of  the  fissure  goes  upward.  In  the  accom- 
panying section  of  Yarrow  colliery  (Fig.  459)  it  will  be  seen  that  all 
tlie  slips  follow  this  law. 

Thickness  of  Seams. — Coal-seams  vary  in  thickness  from  a  fraction 
of  an  inch  to  forty  or  fifty  feet,  or  even  more.  A  workable  seam  must 
be  at  least  two  feet  thick.  A  pure,  simple  seam  is  seldom  more  than 
eight  or  ten  feet.  Mammoth  seams,  such  as  occur  in  the  anthracite 
region  of  Pennsylvania  and  in  Southern  France,  are  produced  by  the 
running  together  of  several  seams  by  the  thinning  out  of  the  inter- 
stratified  shales  and  sandstones.  They  are,  therefore,  almost  always 
compound  seams.,  i.  e.,  separated  by  thin  partings  of  clay — too  thin  to 
form  a  good  roof  or  floor,  and  therefore  all  worked  together. 

Number  and  Aggregate  Thickness. — In  a  single  coal-field,  we  have 
said,  the  strata,  including  the  coal-seams,  are  repeated  many  times.  In 
tlie  South  Joggin's  section,  Nova  Scotia,  there  are  eighty-one  coal- 
seams,  though  most  of  these  are  not  workable.  In  North  England  there 
are  twenty  to  thirty  seams.  In  South  Wales  there  are  more  than  100 
seams,  seventy  of  which  are  worked.  In  South  Lancashire  there  are 
seventy-five  seams  over  one  foot  thick ;  in  Belgium  100  seams,  and  in 
Westphalia  117  seams.  The  aggregate  thickness  of  all  the  seams  in 
Lancashire  is  150  feet;  in  Pottsville,  Pennsylvania,  11-3  feet;  in  West- 
ern coal-fields,  70  feet;  in  Westphalia,  274  feet;  in  Mons,  250  feet.* 

The  thickest  and  purest  are  usually  near  the  middle  of  the  series. 
Evidently  the  conditions  favorable  for  the  formation  and  preservation 
of  coal  commenced  gradually,  even  back  in  the  Devonian,  reached  their 
culmination  in  the  middle  Coal-measures,  and  gradually  passed  away. 


*  Nature,  vol.  xlii,  p.  322,  1690. 
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This  geological  day  had  its  morning,  its  high  noon,  and  its  even- 
ing. 

Coal  Areas  of  the  United  States. — In  no  otlier  country  are  the  coal- 
fields so  extensive  as  in  the  United  States.  The  principal  coal-fields 
are  shown  on  map  of  Eastern  United  States,  on  page  302. 

1.  Appalachian  Coal-Field. — This,  the  greatest  coal-field  in  the 
world,  commences  in  Northern  Pennsylvania,  covers  the  whole  of  West- 
ern Pennsylvania  and  Eastern  Ohio,  a  large  portion  of  West  Virginia 
and  Eastern  Kentucky,  then  passes  southward  through  East  Tennessee, 
touches  the  northwest  corner  of  Georgia,  and  ends  in  Middle  Alabama. 
In  general  terms,  it  occupied  the  western  slope  of  the  Appalachian 
from  the  confines  of  New  York  to  Middle  Alabama.  Its  area  is  at 
least  60,000  square  miles. 

2.  Central  Ooal-Field. — This  covers  the  larger  portion  of  Illinois, 
the  southwest  portion  of  Indiana,  and  the  western  portion  of  Ken- 
tucky.   Its  area  is  about  47,000  square  miles. 

3.  Western  Coal-Field. — This  covers  the  southern  portion  of  Iowa, 
the  northern  and  western  portion  of-  Missouri,  the  eastern  portion  of 
Kansas,  and  then  passes  southward  through  Arkansas,  Indian  Terri- 
tory, and  into  Texas.  Its  area  is  estimated  at  78,000  square  miles. 
These  two  coal-fields  are  seen  to  be  connected  by  sub- Carboniferous. 
They  are  probably  one  immense  field  separated  by  erosion. 

4.  Michif/an  Coal-Field. — In  the  very  center  of  the  State  of  Michi- 
gan there  is  another  coal-field  occupying  an  area  of  6,700  square  miles. 

5.  Rhode  Island  Coal-Field. — A  small  patch  of  500  square  miles' 
area  is  found  in  Rhode  Island,  extending  a  little  into  Massachusetts. 

6.  Nova  Scotia  and  Neto  Brunsioich. — This  is  a  large  area  on  both 
sides  of  the  Bay  of  Fundy.    It  is  estimated  at  18,000  square  miles. 

The  following  table  gives  appi'oximately  the  areas  of  American 
coal-fields  of  the  Carboniferous  age  : 


Appalachian   60,000 

Central   47,000 

Western   ^  8,000 

Michigan   6,700 

Ehode  Island   500 


192,200 

Nova  Scotia   18,000 

210,000 


Of  the  190,000  square  miles'  coal-area  of  this  age  in  the  United 
States,  120,000  square  miles  is  estimated  as  workable. 

Extra-Carboniferous  Coal.— All  the  fields  mentioned  above  belong 
to  the  Carboniferous  age.  But,  besides  these,  the  United  States  is  very 
rich  in  coal  of  other  periods.    Probably  50,000  square  miles  might  be 
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added  from  strata  of  later  times,  making  in  all  170,000  square  miles  of 
workable  coal.  But  of  these  latter  fields  we  will  speak  in  their  proper 
places. 

Coal-Areas  of  Different  Countries  compared.— The  following  table, 
taken  principally  from  Dana,  exliibits  the  comparative  coal-areas  of  the 
principal  coal -producing  countries  of  the  world : 


United  States   120,000  to  160,000  square  miles. 

British  America   18,000  " 

Great  Britain   12,000  " 

Spain   4,000  " 

France   2,000 

Germany   1,800  " 

Belgium   618  " 

Europe,  estimated   100,000  " 


Recently  enormous  areas  of  coal  have  been  found  in  China,  much, 
of  which  belongs  to  this  age. 

Relative  Production  of  Coal. — But  if  the  extent  of  coal-area  repre- 
sents approximately  the  amount  of  wealth  of  this  kind  present  in  the 
strata,  the  production  of  coal  represents  how  much  of  this  wealth,  is 
active  capital ;  it  represents  the  development  of  those  industries  de- 
pendent  on  coal.  The  following  table  is  compiled  from  the  best  sources 
at  hand : 


ANNUAL  C0A.L-PK0DUCTI0N  IN 
MILLIONS  OF  TONS. 

1845. 

1864. 

ISH. 

1884. 

18<J4. 

31-6 

90 

125 

160 

164 

4-6 

22 

50 

106 

152 

46 

TO 

94 

41 

io 

11 

20 

26 

4-9 

10 

15 

18 

19 

World  

40G 

566 

Inspection  of  the  table  shows  that  in  tlie  principal  coal-producing 
countries  there  is  a  rapid  increase  of  production.  It  is  believed  that,  if 
the  same  rate  of  increase  continues,  the  annual  production  of  Great 
Britain  will  be  in  thirty  years  250,000,000  tons,  and  the  whole  work- 
able coal  will  be  exhausted  in  110  years.*  As  might  be  expected, 
therefore,  British  statesmen  and  scientists  are  casting  about  with  much 
anxiety  for  means  by  which  to  promote  the  more  economic  use  of  coal. 
Fortunately,  our  own  country  is  supplied  with  almost  inexhaustible 
stores  of  this  source  of  industrial  prosperity. 

*  Armstrong,  Nature,  vol.  vii,  p.  291. 


366 


PALyEOZOIC  SYSTEM  OF  ROCKS. 


Origin  of  Coal,  and  of  its.  Varieties. 

That  coal  is  of  vegetable  origin  is  now  no  longer  doubtful.  We 
will  only  briefly  enumerate  the  evidences  on  which  is  based  the  present 
scientific  unanimity  on  this  subject: 

1.  The  remains  of  an  extinct  vegetation  are  found  in  abundance  in 
immediate  connection  with  coal-seams  ;  stumps  and  roots  in  the  under- 
clay,  and  leaves  and  stems  in  the  black  slate  in  contact  with  the  seam 
and  oven  imbedded  in  the  seam  itself.  2.  These  vegetable  remains  are 
not  only  associated  with  the  coal-seam,  but  have  often  themselves  be- 
come coal,  though  still  retaining  their  original  form  and  structure. 
3.  Not  only  these  easily- recognizable  imbedded  vegetable  fragments, 
but  the  imbedding  substance  also,  the  whole  coal-seam,  even  the  most 
structureless  portions,  and  the  hardest  varieties,  such  as  anthracite, 
when  carefully  prepared  in  a  suitable  manner  and  examined  with  tlie 
microscope,  show  vegetable  structure.  Even  the  ashes  of  coal,  carefully 
examined,  show  vegetable  cells  with  characteristic  markings.  The  fol- 
lowing figures  show  the  results  of  such  examijiation.   4.  A  perfect  gra- 
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Fio.  460.— Section  of  Anthracite:  a.  natural  size; 
b  and  c,  magnified  (after  Bailey). 


Vesetablo  Structure  in  Coal 
(after  Dawson). 


dation  may  be  traced  from  wood  or  peat,  on  the  one  hand,  through 
brown  coal,  lignite,  bituminous  coal,  to  the  most  structureless  anthra- 
cite and  graphite,  on  the  other,  showing  that  these  are  all  different 
terms  of  the  same  series.  In  chemical  composition,  too,  the  same  un- 
broken series  may  be  traced.  5.  Lastly,  the  best  and  most  structure- 
less peat,  by  hydraulic  pressure,  may  be  made  into  a  substance  having 
many  of  the  qualities  and  uses  of  coal. 

We  may,  with  perhaps  less  confidence,  go  further,  and  say  that  all 
the  carbon  and  hydrocarbon  known  to  us  are  probably  of  organic  ori- 
gin. Carbon  probably  existed  at  first  only  as  carbonic  acid,  and  luis 
been  reduced  from  that  condition  only  by  organic  agency. 
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Varieties  of  Coal.— The  varieties  of  coal  depend  upon  the  purity, 
upou  the  degree  of  bittiminization,  and  upon  the  proportion  of  fixed 
and  volatile  matter. 

Varieties  depending  upon  Purity.— Coal  consists  partly  of  organic 
or  combustible  and  partly  of  inorganic  or  incombustible  matter.  On 
burning  coal,  the  organic,  combustible  matter  is  consumed,  and  passes 
away  in  the  form  of  gas,  while  the  inorganic,  incombustible  is  left  as 
ash.  Now,  the  relative  proportion  of  these  may  vary  to  any  extent, 
W'e  may  have  a  coal  of  only  one  or  two  per  cent  ash.  We  may  have  a 
coal  of  five,  ten,  fifteen,  twenty  per  cent  ash  ;  the  coal  is  now  becoming 
poor.  We  may  have  a  coal  of  thirty  or  forty  per  cent  ash ;  this  is 
called  bony  coal,  or  shaly  coal ;  it  is  the  valueless  refuse  of  the  mines. 
We  may  have  a  coal  of  fifty  or  sixty  per  cent  ash ;  but  it  now  loses  the 
name  as  well  as  the  ready  combustibility  of  coal,  and  is  called  coaly 
shale.  Finally,  we  may  have  a  coal  of  seventy,  eighty,  ninety,  ninety- 
five  per  cent  ash ;  and  thus  it  passes,  by  insensible  degrees,  through 
black  shale  into  perfect  shale.  This  passage  is  often  observed  in  the 
roof  of  a  coal-seam. 

Now,  all  vegetable  tissue  contains  incombustible  matter,  which,  on 
burning,  is  left  as  ash.  The  amount  of  ash  in  vegetable  matter  is  on 
an  average  about  one  to  two  per  cent.  But,  as  in  the  process  of  change 
from  wood  to  coal,  much  of  the  organic  matter  is  lost  (p.  369  et  seq.), 
and  the  relative  amount  of  ash  is  thereby  increased,  we  may  say  that,  if 
a  coal  contains  five  per  cent  or  less  of  ash,  it  is  absolutely  pure — i.  e., 
its  ash  comes  wholly  from  the  plants  of  which  it  is  composed ;  but  if  a 
coal  contains  more  than  ten  per  cent  ash,  it  is  probably  impure — i.  e., 
mixed  with  mud  at  the  time  of  its  accumulation. 

Varieties  of  Coal  depending  on  the  Degree  of  Bituminization. — The 
previously-mentioned  varieties  consist  oi pure  and  impure  coals;  these 
consist  of  perfect  and  imperfect  coals.  We  find  the  vegetable  matter, 
accumulated  in  different  geological  periods,  in  different  stages  of  that 
peculiar  change  called  bituminization.  Brown  coal  and  lignite  are 
examples  of  such  imperfect  coal.  They  are  always  comparatively 
modern. 

Varieties  depending  upon  the  Proportion  of  Fixed  and  Volatile 
Matter. — Coal,  even  when  pure  and  perfectly  bituminized,  consists 
still  of  many  varieties,  having  different  uses,  depending  upon  the  pro- 
portion of  fixed  and  volatile  matters.  These  are  the  true  varieties  of 
coal. 

In  pure  and  perfect  coal,  then,  the  combustible  matter  is  part  fixed 
and  part  volatile.  These  may  be  easily  separated  by  heating  to  red- 
ness in  a  retort.  By  this  means  the  volatile  matter  is  all  driven  off 
and  may  be  collected  as  tar,  oil,  etc.,  in  condensers,  and  as  permanent 
gases  in  gasometers ;  and  the  fixed  matter  is  left  in  the  retort  as  coke. 
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Now,  the  proportion  of  these  may  vary  greatly  in  different  coals,  and 
affect  the  uses  to  which  the  coal  is  applied.  For  example,  when  the 
coal  consists  wholly  of  fixed  carbon,  it  is  called  yrapliUe.  This  is  not 
usually  considered  a  variety  of  coal,  because  it  is  not  readily  combusti- 
ble ;  but  it  is  evidently  only  the  last  term  of  the  coal  series.  Its  soft, 
greasy  feel,  its  metallic  luster  and  incombustibility,  and  its  uses  for 
pencils,  as  a  friction-powder,  and  as  a  material  for  crucibles,  are  well 
known. 

When  the  combustible  matter  of  the  coal  contains  ninety  to  ninety- 
five  per  cent  fixed  carbon,  it  is  called  anthracite.  This  is  a  hard,  brill- 
iant variety,  with  conchoidal  fracture  and  high  specific  gravity.  It 
burns  with  almost  no  flame  and  produces  much  heat.  It  is  an  admira- 
ble coal  for  all  household  purposes,  and,  with  hot  blast,  may  be  used  in 
iron-smelting  furnaces. 

If  the  combustible  matter  contains  eighty  to  eighty-five  per  cent 
fixed  carbon,  and  fifteen  to  twenty  per  cent  volatile  matter,  it  becomes 
semi-anthracite,  or  semi-bituminous  coal,  of  various  grades.  These  are 
free-burning,  rapid-burning  coals,  producing  long  flame  and  high  tem- 
perature, because  they  do  not  cake  and  clog.  They  are  admirably 
adapted  for  many  purposes,  but  especially  for  the  rapid  production  of 
steam,  and  therefore  for  locomotive-engines,  and  hence  are  often  called 
steam-coals. 

If  the  volatile  combustible  matter  rises  to  the  proportion  of  thirty 
to  forty  per  cent,  it  becomes  full  bituminous  coals,  which  always  burn 
with  a  strong  bright  flame,  and  often  cake  and  form  clinkers.  This  is 
perhaps  the  commonest  form  of  coal,  and  may  be  regarded  as  typical 
coal. 

If  the  volatile  matter  approaches  or  exceeds  fifty  per  cent,  then  it 
forms  highly  Mtuminous  or  fat  or  fusing  coals.  This  variety  is  espe- 
cially adapted  to  the  manufacture  of  gas  and  of  coke. 

Besides  these  there  are  several  varieties  depending  on  physical 
character.  Thus  cannel  or  parrot  coal  is  a  dense,  dry,  structureless, 
lusterless,  highly-bituminous  variety,  which  breaks  with  a  conchoidal 
fracture.  There  may  be  also  some  varieties  depending  upon  the  kind 
of  plants  of  which  coal  was  made,  but  of  this  we  have  no  certain  evi- 
dence. 

Origin  of  these  Varieties. — There  can  be  little  doubt  that  these, 
the  true  varieties,  are  produced  by  slight  differences  in  the  nature  and 
degree  of  chemical  change  in  the  process  of  bituminization. 

It  will  be  seen  by  the  following  table,  giving  approximate  formula?, 
that  vegetable  matter  and  coal  of  various  grades  have  the  same  general 
composition,  except  that  in  the  latter  case  some  of  the  carbon  and 
much  of  the  hydrogen  and  oxygen  have  passed  away  in  the  process  of 
change : 
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Voprctable  matter,  cellulose   CaoHooOso 

Bituminous  coal   CjoHioOa 

Anthracite     "    dolleO 

Graphite      "    C  pure 

The  gradual  loss  of  the  hydrogen  and  oxygen  is  still  better  shown 
in  the  following  table,  in  which  the  constituents  are  given  in  propor- 
tionate weights  instead  of  equivalents,  and  the  carbon  reduced  to  a  con- 
stant quantity : 


KINDS  OF  VEGETABLE  MATTER  AND  COALS. 

Carbon. 

Hydrogen. 

Oxygen. 

100 

00 

16 

66 

133 

33 

100 

00 

12 

18 

83 

07 

100 

00 

9 

83 

65 

67 

100 

00 

8 

31 

42 

42 

100 

00 

6 

12 

21 

23 

100 

00 

2 

84 

1 

74 

100 

00 

0 

00 

0 

00 

Now,  there  are  two  modes  of  decomposition  to  which  vegetable 
matter  may  be  subjected,  viz. :  1.  In  contact  with  air;  and,  2.  Out  of 
contact  with  air.  The  first  is  partly  decomposition,  and  partly  oxida- 
tion by  the  air  {eremacausis) ;  the  second  is  wholly  decomposition. 

In  Contact  with  Air. — Under  these  conditions  the  carbon  of  the 
vegetable  matter  unites  with  the  oxygen  of  the  vegetable  matter,  form- 
ing carbonic  acid  (COg)  ;  and  the  hydrogen  of  the  vegetable  matter 
unites  with  the  oxygen  of  the  air,  forming  water  (HgO).  Further,  it 
is  evident  that,  for  every  equivalent  of  carbon  thus  lost,  there  are  two 
equivalents  of  oxygen  and  four  equivalents  of  hydrogen  lost,  so  as 
always  to  maintain  the  same  relative  propor- 


tion of  H,  and  0  viz.,  the  proportion  forming 
water  (HgO).  The  final  result  of  this  process 
is  j9?<re  carbon.  It  is  very  improbable,  how- 
ever, that  anthracite  or  graphite  is  formed  in 


oOao 

Decayed  

eOaa 

More  decayed. 

•  C34n6a038 

Final  result. . 

•  Cai 

this  way ;  for  vegetable  matter,  by  aerial  de- 
cay, falls  to  powder.  It  is  very  probable,  however — nay,  almost  cer- 
tain— that  a  peculiar  substance,  pulverulent  and  retaining  vegetable 
structure  in  a  remarkable  degree,  called  mineral  charcoal,  found  very 
commonly  in  some  stratified  coals  has  been  formed  by  partial  aerial 
decay,  somewhat  as  represented  in  the  table.  Mineral  charcoal  lias 
a  high  percentage  of  carbon,  with  very  little  hydrogen  and  oxygen. 

Out  of  Contact  with  Air.— When  vegetable  matter  is  buried  in 
mud  or  submerged  in  water,  its  elements  react  on  each  other.    Some  of 
the  carbon  unites  with  some  of  the  oxygen,  forming  carbonic  acid 
(COg) ;  some  of  the  carbon  unites  with  some  of  the  hydrogen,  forming 
23 
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carbureted  hydrogen  or  marsh-gas  (CII4);  and  some  of  the  hydrogen 
unites  with  some  of  the  oxygen,  forming  water  (IlaO).  These  products 
are  probably  formed  in  all  cases  of  vegetable  decomposition  under  these 
conditions  :  If,  for  example,  we  stir  up  the  mud  at  the  bottom  of  stag- 
nant pools  where  weeds  are  growing,  the  bubbles  which  rise  always 
consist  of  a  mixture  of  CO2  and  OII4.  In  every  coal-mine  these  same 
gases  are  constantly  given  off ;  the  one  being  the  deadly  choke-damp 
and  the  other  the  terrible  fire-damp  of  the  miners.  Now,  by  varying 
the  relative  amounts  of  these  products,  it  is  easy  to  see  how  all  the 
principal  varieties  of  bituminous  coal  may  be  formed,  I  have  given 
below  the  approximate  composition  of  typical  varieties  of  bituminous 
coal,  and  of  graphite,  and  constructed  formulae  expressing  the  chemical 
change  by  which  they  are  formed : 


Vegetable  matter — cellulose  CaoHeoOao* 

(    9C0,  ) 

Subtract-^    SCHi  [-  C,aH34029 

(  IIH^O  )   

And  there  remain  Cj4Ha60    =  eannel. 

Again,  vegetable  matter  CseHeoOso 

(    7C0., ) 

Subtract-^    3OH4  ^  C.oHioOjb 

(  14H,0  )   

.    ,                 .  n  TT  /->        (  bituminous  coal  from 

And  there  remam  CjeHauOa  =  Staffordshire. 

Again,  vegetable  matter  CsellouOao 

Subtract-^  lOCHi  V  CaoHeoOan 

(  lOHoO  )  

And  there  remains  C16  =  graphite. 


The  com-position  of  vegetable  matter  varies  considerably.  The 
composition  of  the  varieties  of  coal  is  differently  given  by  different 
authorities.  Different  reactions  from  those  above  given  might  be  con- 
trived which  would  give  as  good  results.  These  reactions,  therefore, 
are  not  given  as  certainly  the  actual  reactions  which  take  place.  They 
are  only  intended  to  show  the  general  character  of  the  changes  which 
take  place  in  the  formation  of  coal. 

Metamorphic  Coal. — It  is  probable  that  bituminous  coal  is  the  7wr- 
mal  coal  formed  by  the  above  process,  and  that  the  extreme  forms,  an- 
thracite and  graphite,  are  the  result  of  an  after-change  produced  by 

*  The  composition  of  -wood— timber— \s  usually  given  as  about  CuHibOs.  I  have 
taken  the  formula  of  cellulose  instead,  viz.,  CJIioOs;  or,  taking  six  equivalents  for  con- 
venience of  calculation,  CaJIooOao.  I  believe  this  to  be  much  nearer  the  composition  of 
vegetable  matter  of  the  Coal  jjcriod  than  is  the  formula  of  hard  wood  like  oak  or  beech. 
All  the  results  may  be  worked  out,  however,  with  equal  ease  by  the  use  of  either  formula 
for  vegetable  matter. 
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heat.  But  some  geologists  go  farther  :  they  believe  that  anthracite  has 
been  changed  by  intense  heat  sufficient  to  vaporize  the  volatile  matters, 
which  then  condense  in  fissures  above,  as  bitumen,  petroleum,  etc. ; 
that,  as  in  art,  when  bitumiuons  coal  is  subjected  to  heat  out  of  contact 
with  air,  the  fixed  carbon  is  left  as  coke,  the  tarry  and  liquid  matters 
are  condensed  iu  purifiers,  and  the  permanent  gases  collected  in  gasom- 
eters; so  in  Nature,  when  beds  of  bituminous  coal  are  subjected  to  in- 
tense heat  iu  the  interior  of  the  earth,  the  fixed  carbon  is  left  as 
anthracite,  the  tarry  and  liquid  matters  collected  in  fissures,  as  bi- 
tumen and  petroleum,  while  the  gases  escape  in  burning  springs.  The 
process  is  of  course  slow  and  under  heavy  pressure,  and  therefore  the 
residuum  is  not  spongy  like  coke.  According  to  this  view,  anthracite 
and  bitumen  are  necessary  correlatives. 

There  can  be  no  doubt  that  the  graphitic  and  anthracitic  varieties 
of  coal  are  always  associated  with  folding  and  metamorphism  of  the 
strata  :  1.  In  the  universally-folded  and  metamorphic  Archaean  rocks 
only  graphite  is  found,  3.  In  Pennsylvania,  in  the  strongly-folded  and 
highly-metamorphic  eastern  portion  of  the  field,  tlie  coal  is  anthracite ; 
while,  as  we  go  westward,  and  the  rocks  are  less  and  less  metamorphic, 
the  coal  is  more  and  more  bituminous,  until,  when  the  rocks  are  hori- 
zontal and  unchanged,  the  coal  is  always  highly  bituminous.  The 
same  has  been  observed  in  Wales:  anthracite  is  always  found  in  meta- 
morphic regions,  and  the  coal  is  more  and  more  bituminous  as  the 
rocks  are  less  and  less  metamorphic.  3.  Again,  the  anthracitic  con- 
dition of  coal  may  be  sometimes  traced  to  the  local  etfect  of  trap  or 
volcanic  overflows.  In  a  word,  anthracite  is  metamorphic  coal ;  and, 
according  to  this  view,  the  same  heat  which  changed  the  rocks  has 
distilled  away  the  volatile  matters,  which  may  condense  above,  as  bi- 
tumen or  petroleum. 

We  have  given  above  the  common  view.  It  is  partly  true  and  partly 
erroneous.    The  true  view  seems  to  be  as  follows : 

Anthracite  may,  indeed,  be  regarded  as  metamorphic  coal,  but  it  is 
not  probable  that  bitumen  is  its  necessary  correlative ;  it  is  not  prob- 
able that  the  heat  of  metamorphism  is  sufficient  to  produce  destructive 
distillation.  We  have  already  shown  (page  230)  that  a  moderate  heat 
of  300°  to  400°  Fahr.  in  the  presence  of  water  is  sufficient  to  produce 
metamorphism.  Such  a  degree  of  heat  would,  doubtless,  hasten  the 
process  explained  on  page  370.  The  folding  and  erosion  of  the  rocks, 
and  the  consequent  exposure  of  the  edges  of  the  seams,  would  still 
further  hasten  the  process,  and  bring  about  anthracitism  by  facilitating 
the  escape  of  the  products  of  decomposition.  In  all  coal-mines  COj, 
CH4,  and  H3O,  are  eliminated  710 w  j  only  continue  this  process  long 
enough,  and  anthracite  and,  finally,  graphite  is  the  result.  We  must 
conclude,  then,  that  high  heat  is  not  necessary  to  produce  anthra- 
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citism  ;  for,  if  it  is  unnecessary  for  metarnorphism  of  rocks,  much  less 
is  it  necessary  for  metarnorphism  of  coal. 

Plants  of  the  Coal — their  Structure  and  Affinities. 

The  flora  of  the  coal-measures  is  one  of  the  most  abundant  and  per- 
fect of  all  extinct  floras.  According  to  Ward,  there  are  about  8,660 
known  fossil  species  of  plants,  and  of  these  about  2,000,  or  nearly  one 
fourth,  are  from  the  coal-measures.*  This  flora  is  peculiarly  interest- 
ing to  the  geologist,  not  only  on  account  of  its  relative  abundance,  but 
also  and  chiefly  because,  being  the  first  diversified  and  somewhat 
highly-organized  flora,  it  is  natural  to  suppose  that  the  great  classes 
and  orders  of  the  vegetable  kingdom  commenced  to  diverge  here;  and 
therefore  it  furnishes  a  key  to  the  evolution  of  land-plants.  We  will, 
therefore,  discuss  the  affinities  of  these  plants  somewhat  fully. 

Where  found. — The  plants  of  the  Coal  are  found  principally:  1.  In 
the  form  of  stools  and  roots  in  their  orginal  position  in  the  tmder  clay  ; 
2.  Of  leaves,  and  branches,  and  flattejied  trunks,  on  the  upper  surface 
of  the  coal-seam,  and  in  the  overlying  shale;  3.  And,  finally,  in  the 
form  of  logs,  apparently  drift- timber,  in  the  sandstones  above  the  coal- 
seam.  The  black  shale  overlying  the  seam  is  often  full  of  leaves  and 
fronds  of  ferns,  and  of  the  flattened  trunks  of  other  families,  in  the 
most  beautiful  state  of  preservation,  so  that  even  the  finest  venation  of 
the  leaves  is  perfectly  distinct.  In  some  cases  where  the  shale  is  light- 
colored,  so  as  to  contrast  strongly  with  the  jet-black  leaves,  the  effect 
on  first  opening  a  seam  is  very  striking,  and  has  been  compared  to  the 
frescoes  on  the  ceilings  of  Italian  palaces. 

Principal  Orders. — Leaving  out  some  plants  of  doubtful  affinity, 
the  plants  of  the  Coal  may  be  referred  to  five  orders  or  families,  viz.. 
Conifers,  Ferns,  Lepidodendrids,  Sigillarids,  and 
Calam.aricB.  It  is  usual  to  refer  these  last  three  to  the 
two  orders  Lycopods  and  Equisetas ;  but  they  are  so 
peculiar,  and  their  affinities  still  so  doubtful,  that  we 
have  preferred  to  treat  them  as  distinct  orders. 

All  these,  as  already  seen,  commenced  in  the  De- 
vonian, as  did  also  the  preservations  of  their  tissues  as 
coal ;  but  both  the  vegetation  and  the  conditions 
necessary  for  their  preservation  culminated  in  tlie 
Coal  period,  and  tlierefore  we  have  put  off  their  dis- 
cussion until  now.  Contrary  to  our  usual  custom,  wi' 
will  commence  with  the  highest,  viz.: 
^tJt^^aMb,  1.  Conifers.— A  considerable  number  of  genera  of 
reati\;  Vpith""""^  t^i^se  are  known,  but  all  of  them  quite  different  from 


*  Science,  vol.  iv,  p.  840,  1884. 
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living  Conifers.  They  arc  mostly  found :  1.  In  the  form  of  trunks  or 
logs  in  the  sandstones  above  the  coal-seams  (Fig.  463) ;  2.  In  the  form 

of  leaves,  twigs,  and  leafy  branches  in  the 
roof-shale  (Fig.  463) ;  3.  In  the  form  of 
nut-like  fruits  of  many  kinds,  also  in  the 
roof-shale.  But  they  arc  not  found  as 
stumps  and  roots  in  situ  in  the  under-clay. 
From  this  we  conclude  that  they  did  not 
grow  in  the  coal-swamps,  but  on  the  high 


Fig.  463.— Arancarites  gracilis,  re- 
duced (after  Dawson). 


Pig.  464.— Section  of  same:  6,  woody  wedges;  c,  pith  and 
pitli-rays. 


ground  aiout  them;  that  their  leaves,  small  branches,  and  fruits  were 
washed  down  into  the  swamps,  and  their  trunks  were  sometimes  drifted 
down  by  floods  which  overwhelmed  and  buried  the  coal. 


Fio.  465. 


Fig.  467. 


Fig.  468. 


Fig.  466.   

Figs.  46.5-468.— Ruoati-Leavbt)  Con iFicns.  Living  Conoenkrs  of  sojir  Coat.-Pi.ants:  46,')  Salis' 
a'bruncu"  ''™i'ch.   466.  Section  of  fruit.   467.  A  leaf,  natural  size.   468.  Pliyllocladus, 

The  trunks  and  woody  branches  are  known  to  be  those  of  Gym- 
nosperms  by  the  characteristic  Gymnospermous  structure  of  the  wood 
(Figs.  392,  393,  and  394,  page  341),  especially  the  disk-like  markings 
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on  longitudinal  section ;  and  to  be  those  of  Conifers  by  the  existence 
of  a  distinct  bark,  rings  of  growth,  and  pith  (Fig.  4U3).  But  the  large 
size  of  the  pith  of  some  seems  to  ally  them  with  the  Cycads. 


Fio.  471. 

Pros.  469-471.— FnuiTH  op  Oom.-Pt.ANTs.  rnoBAnT.r  Coniprus:  40n.  Triconocnrpon  (.nftor  Nrw- 
berry).  470.  Ciircliociirpon  (after  Newberry  and  Dawson).  471.  Rhnbdoonrpon  (nfter  Newberry). 


But  the  leaves,  leafy  branches,  and  fruits  are  still  more  interesting 
and  significant.  By  the  study  of  these,  Carboniferous  Conifers  seem 
to  fall  naturally  into  two  groups,  viz.,  those  with  small,  spine-like 
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leaves  (Fig.  463),  reminding  us  of  the  yew  or  the  Araucaria,  and  those 
with  broad,  strap-shaped,  or  tongue-like  leaves,  with  parallel  or  radi- 
ated venation,  like  that  strange,  broad-leaved  living  Conifer,  the 
Ginkgo  (Fig.  4()7).  One  of  the  commonest  and 
most  characteristic  of  this  group  is  the  Cor- 
daites.  All  parts  of  this  plant  are  known  ;  so 
that  we  may  restore  it  with  some  confidence 
(Fig.  473).  We  may  imagine  a  cylindrical, 
branchless  trunk,  sometimes  sixty  to  seventy 
feet  higli,  clothed  atop  with  long,  strap-shaped 
leaves  like  a  Dractena,  and  bearing  clusters  of 
nut-like  fruits.  Many  of  the  fruits  repre- 
sented in  the  figures  on  the  previous  page  are 
from  this  tree. 

Affinities  of  Carboniferous  Conifers.— Con- 
ifers of  this  time  were  not  typical  Conifers. 
There  are  no  signs  of  true  cones  in  the  coal. 
All  the  so-called  Conifers  of  that  time  bore 
solitary,  nut-like  fruits.  Now,  Conifers  of  the 
yew  family,  and  the  broad-leaved  Ginkgo,  are 
the  only  ones  that  now  bear  fruits  which 
might  be  compared  with  these.  These  Con-  fig.  473.-Cordajte8  (restored  by 
ifers  bear  solitary  plum-like  fruits,  with  large, 

nut-like  seeds  (Figs.  465  and  466).  The  Cycads  also  bear  somewhat 
similar  fruit.  The  best  illustration  from  the  yew  family  is  the  Califor- 
nia nutmeg  (Torreya).  It  bears  a  plum-like  fruit  about  the  size  of  a 
lai'ge  plum,  with  a  nut-like  seed  as  large  as  a  pecan-nut.  It  is,  there- 
fore, among  the  yew  family  and  the  Ginkgos  that  we  must  seek  for 
allies  of  the  coal  Conifers.  In  fact,  all  gradations  in  shape  of  the  leaf 
may  be  traced  between  the  Cordaites  (Fig.  473,  «,  b)  and  Noggerathia, 


a  b  c  (1  e  f 


Fio.  473.— EvoliiMnii  of  the  Gink2;ot<:  a  nnd  b.  Cordiiitos,  Ciirboniferoiis:  c,  N5gcerathin.  Carbonif- 
erous; d,  Ginkgophyllum,  Permian;  e.  Ginkgo  digatiita,  OOlite;  /,  Ginkgo  biloba,  living. 


of  the  Carboniferous  (c),  and  Ginkgophyllum  of  Permian  {d)  to  Ginkgo 
(e,/)  of  the  Jurassic,  and  the  present  time.  The  yew  family  and  the 
Ginkgo  may  be  regarded  as  the  most  generalized  of  Conifers,  connecting 
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them  closely  with  the  Cycads  on  the  oue  hand,  and  the  vascular  Cryp- 
togams on  the  other.  Many  writers  ally  the  Cordaites  and  Noggerathia 
with  the  Oycads  instead  of  the  Conifers.  They  probably  connect  these 
two  families  of  Gymnosperms. 

2.  Ferns. — Ferns  are  the  most  abundant  plants  of  the  Coal  period, 
both  as  to  individuals  and  as  to  variety  of  species.  About  one  third  to 
one  half  of  all  the  known  species  of  coal-plants,  both  in  this  country 
and  in  Europe,  belong  to  this  order.  They  represent  both  ordinary 
forms,  i.  e.,  those  with  creeping  stems,  and  Tree-ferns,  like  those  now 
growing  only  in  warm  latitudes  (Fig.  474).  They  are  known  to  be 
ferns  by  their  large  complex  fronds  (Fig.  475),  sometimes  six  to  eight 
feet  long ;  by  the  dichotomous  venation  of  their  leaves  (Fig.  479) ; 
and  by  the  position  of  their  organs  of  fructification  (sjjore-cases)  on  the 
under-surfaces  of  the  leaves  (Figs.  480  and  481).  In  some  localities 
these  spore-cases  are  so  abundant  that  the  coal  seems  to  be  almost 

wholly  made  up  of  them.  The 
trunks  of  Tree-ferns  are  known 
by  the  large,  ragged,  ovoid 
marks  left  by  the  falling  of 
the  fronds   (leaf-scars — Figs. 


Fig.  474.— Living  Tree-Furn. 


Fig.  475  — ;Megnphyton,  a  Coal-Fern 
restored  (after  Dawson). 


489-491),  and  by  the  peculiar  arrangement  of  the  vascular  tissue  in 
the  cellular  in  the  cross-section.  Some  coal  Tree-ferns  had  their  large 
fronds  in  two  vertical  ranks  (Megaphyton — Fig.  475). 

The  Ferns  of  the  Coal  are,  therefore,  unmistakably  Ferns,  yet  bot- 
anists recognize  some  features  which  connect  them  with  other  classes. 
Caruthers  thinks  that  he  finds  in  the  internal  structure  of  the  stems  of 
Tree-ferns  of  the  Coal  two  types  which  are  the  foreshadowings  of  the 
Monocotyls  on  the  one  hand,  and  the  Dicotyls  on  the  other;  and  that 
therefore  they  are  probably  the  progenitors,  not  only  of  the  Tree-ferns 
of  the  present  day,  but  also  of  the  Palms  and  the  foliferous  Exogens.* 

*  Nature,  vol.  vi,  p.  486,  and  Scott,  American  Journnl.  vol.  ix,  p.  45. 
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The  next  three  orders'we  will  discuss  more  fully  for  two  reasons: 
First,  the  Conifers  were  probably  mostly  highland  plants,  and  only 
found  their  way  into  the  coal-swamps  by  accident,  being  in  fact  brought 
down  by  freshets.  The  Ferns  formed  the  thick  underbrush  of  the  coal- 
swamps.  Neither  of  these  contributed  a  very  large  share  to  the  mate- 
rial of  the  coal-seams.  The  great  trees  of  the  coal-swamps,  and  which 
formed  the  larger  part  of  the  material  preserved  as  coal,  were  Lcpido- 
dendrids,  Sigillarids,  and  Galamarice. 

Again,  the  Conifers  and  Ferns  were  unmistakably  Conifers  and 
Ferns,  though  certainly  with  characters  connecting  with  other  orders 
and  classes ;  but  the  three  orders  now  about  to  be  discussed  combine  so 


Fig.  476. 


Fig.  477. 


Fig.  478. 


Fig.  480. 


^nn^;^?  ^7]-  "^""'P^"'^  Rnllivnnti  (after  LesqneronxV  477.  Pooopteri.o  Rtronfrii 

Ihnw  rl^;^''^''''"''"''*-  Alethoptrri.s  Mnssilonis  (nfter  Lc,»q..or(.MK).   470.  Same  e  lar™dTo 

show  dichotomous  venation.   480.  Neuropteris  llexuosa  (after  Uiongniart).  eniar^ca  to 

completely  the  characters  of  widely-separated  classes  that  there  is  still 
some  doubt  as  to  their  real  place.  For  that  very  reason,  however,  they 
are  peculiarly  interesting  to  the  evolutionist. 


1G  484.  Fig.  485.  . 

ffiVim"a^"nc^"Nc1^be^^^^^^^^  *P>-'dens  (after  U.quereu.). 
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Fig.  489. 


Fig.  490. 


Fig.  491. 


Figs.  489-491.— Coal-Fbhns:  489.  Leaf-Scars  of  Palaiopteris,  x  J  (after  Dawson').   490.  Leaf-Scar 
of  Megapbyton,  x  |  (after  Dawson).   491.  Caulopteris  primeva,  showing  Leaf-Scars. 

3.  Lepidodendrids. — These  are  so  called  from  the  typical  genus 
Lepidodendron.    We  will  describe  only  this  genus. 

Lepidodendrons  are  found  most  commonly  in  flattened  masses  rep- 
resenting portions  of  the  trunk  or  branches,  very  regularly  marked  in 

rhomboidal  pattern,  and  much  resembling  the 
impression  of  the  scaly  surface  of  a  Ganoid 
fish.  The  name  Lepidodendron  (scale-tree) 
is  derived  from  this  fact  (Figs.  493  to  495). 
These  marks  are  the  scars  of  the  regularly-ar- 
ranged and  crowded  leaves.  All  portions  of 
the  plant,  however,  viz.,  the  roots,  the  trunk, 
the  branches,  the  leaves,  and  the  fruit,  have 
been  found  in  abundance.  Prom  these  the 
general  appearance  of  the  tree  has  been  ap- 
proximately reconstructed.  Imagine,  then,  a 
tree  two  to  four  feet  in  diameter  at  base,  forty 
to  sixty  feet  high,  with  wide-spreading  roots, 
well  adapted  for  support  on  a  swampy  soil ; 
the  surface  of  the  trunk  and  branches  regu- 
larly marked  in  rhomboidal  pattern,  repre- 
senting the  phyllotaxis ;  the  trunk  dividing 
and  subdividing,  but  not  profusely,  into 
branches  which  are  thickly  clothed  with  scale- 
like,  or  spine-like,  or  needle-like  leaves  (Figs. 
496  and  498),  and  terminated  by  a  club-shaped  extremity  (Figs.  497, 
499,  and  500)  like  the  terminal  cones  of  some  conifers,  or  still  more 
like  the  club-shaped  extremities  of  club-moss  branches — and  we  will 
have  a  tolerably  correct  idea  of  the  Lepidodendron. 


Fio.  492.— Restomtion  of  a  Lc])i- 
dodendron,  by  Dawson. 
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The  general  appearance  of  the  tree  is  that  of  an  Araucarian  conifer 
or  of  a  gigantic  club-moss.  Tlie  fruit,  however,  turns  the  scale  of  affin' 
ity  in  favor  of  the  club-moss;  for  the  examination  of  these,  which  are 


Fifi.  198.  Fio.  497.  Fro.  500. 


Flos. 'lO.S-.'iOO.— Leptt)odent)uit)s:  493.  Lcpitlotlendron  motlulatum  (after  Lesquorciix).  4(M.  Lcpl- 
dodondron  diplotoKioides  (after  Lcsqiicrcux).  49.5.  Lepidodendron  politiim  (after  Lesqnoreux). 
490.  Lepidodendron  cornisatuni.  bratieh  and  leaves  (after  Daw.son).  497.  I.ppidodondron  cor- 
riigatum,  branch  and  fniit  (after  Dawson).  49S.  Lepidodendron  riccens  (after  Lesqnercux). 
49U.  Lcpidophloios  Acadiunus,  fruit  (after  Dawson).   500.  Lepidostrobus  (after  Lcsqucreux). 
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found  in  great  abundance, 
and  known  under  the  name 
of  Lepiclostrobus  (scale- 
cone),  has  shown  that 
they  bear  in  the  axils  of 
their  scales  spores  like 
club-mosses,  and  not  seeds 
like  conifers.  Also,  like 
club-mosses,  there  are  in 
some  of  these  plants  two 
kinds  of  spores* — micro- 
spores and  macrospores. 
This  would  again  ally  them 
■with  conifers,  for  these  or- 
gans may  be  said  to  repre- 
sent the  stamens  and  pis- 
tils of  higher  plants  (Fig. 
501).  The  external  ap- 
pearance and  inflores- 
cence, therefore,  indicate 
that  they  are  Lycopods, 
with  very  strong  conifer- 
ous affinities. 

This  conclusion  is  en- 
tirely borne  out  by  the 
•internal  structure.  Fig. 
502  represents  an  ideal 
cross  and  longitudinal  sec- 
tion of  the  stem  of  a  Lepi- 
dodeudron.     It   is  seen 

that  the  stem  consists  of  a  dense  outer  bark  or  rind,  inclosing  a  great 
mass  of  loose  cellular  tissue  or  inner  bark,  through  the  center  of 

which-  runs  a  comparatively  small 
fibro-vascular  cylinder,  with  very  dis- 
tinct pith.  Bundles  go  from  the  C}^- 
inder  outward  to  form  the  venation 
of  the  leaves.  Now,  the  structure  of 
a  club-moss  is  almost  the  same,  ex- 
cept that  the  fibro-vascular  cylinder 
is  solid,  and  there  is,  therefore,  no 

Fio.  502.— Ideal  Section  of  a  Lepitloden-       .,7      rr,,  •    V      •  n    -1  ■, 

dron:  a,  pith;  ft,  vascular  cylinder;  c,  prtli.    1  he  presence  in  Lcpidodendrou 

inner  Ijark;  rf,  rind;  e.  bases  of  leaves;      j-      t  .     -.i    •  •  i      ,  , 

/,  vascular  threads  going  to  the  leaves.     01  a  dlStmct  pith  IS  an  important  char- 


FiG.  501. — Lepidodendron  compared  with  Club-Moss:  a,  club- 
moss;  b,  b',  scales  enlarged;  ft,  lower  scales  with  macro- 
spores;  ft',  upper  scales  with  sporange  containing  micro- 
spores; c,  microspores  d,  macrospores:  .r,  lepidostrobus; 
y  and  2,  the  scales  containing  spores;  in,  microspores; 
n,  macrospores  (after  Balfour). 


*  Williamson,  Nature,  vol.  viii,  p.  498. 
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acter,  placing  it  far  above  modern  Lyeopods,  and  allying  it  most  de- 
cidedly with  Exogens. 

4.  Sigillarids.  — The  typical  genus  of  this  family  is  Sigillaria 
These  plants  are  found,  like  Lepidodendrids,  mostly  as  flattened  masses, 


Fig.  503. 


8 

@ 

6 

8 

Fig.  506. 

Fig.  505. 


Fig.  507. 


Figs.  .50.3-507.— Sion^LABiDs:  503.  Sisillarin  rectioiilnta  (after  LcBqiiereiix).  .504  Si!?illarin  Gne^eri. 
505.  Sifiillaria  Isevifjata  (European).  506.  Sigillaria  obovata  (after  Lesquercux).  507.  Leaf  of 
Sigillaria  elegans  (after  Dawson). 

which  are  portions  of  trunks,  but  also  as  roofs  and  leaves.  The  trunk- 
impressions  are  distinguished  from  those  of  Lepidodendrids  by  longi- 
tudinal ribbings  or  flutings,  ornamented  with  seal-like  imjjressions 
{sigilla,  a  seal),  in  vertical  rows  (Figs.  503-50G).  Little  is  known  of 
their  leaves,  though  they  seem  to  have  been  similar  to  .those  of  Lepido- 
dendron  (Fig.  507). 
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The  best  general  conception  which  we  can  form  of  the  Sigillaria 
would  represent  it  as  a  tall,  gently-tapering  trunk,  longitudinally  fluted 
like  a  Corinthian  column,  and  ornamented  with  seal-like  impressions  in 
vertical  ranks,  representing  the  phyllotaxis ;  unbranched  or  else  divid- 
ing only.' into  a  few  large  branches,  clothed 
thickly  with  long,  stiffish,  tapering  leaves. 
From  the  base  of  the  trunk  extended  large, 
radiating  roots,  branching  dichotomously  and 
.  sparsely,  with  many  long,  thread-like  root- 
lets penetrating  the  soil  below.  The  stumps 
of  Sigillaria  and  Lepidodendrons,  with  these 
large,  horizontally-spreading  roots  and  thread- 
like appendages,  are  very  common  in  the 
nnder-clay,  and  were  long  supposed  to  be  a 
peculiar  plant,  and  called  Stigmaria,  on  ac- 
count of  the  round  spots  (Stigma)  on  their  Fio-  508.-stigmaria  flcoides  (af- 

r        ^      J       '  ter  Lesqnereux). 

surface  (Fig.  508).    They  are  now  known  to 

belong  to  Sigillarids  and  Lepidodendrids,  and  are  either  roots  or  spread- 
ing rhizomes  (underground  branches). 

In  the  following  figure  (509),  taken  from  Dawson,  we  have  at- 
tempted to  realize  the  general  appearance  of  a  Sigillaria.  Their  trunks 
were  sometimes  of  prodigious  length  and  diameter.  They  were  proba- 
bly the  largest  trees  of  the  time.  In  a  coal-seam  in  Dauphin  County, 
Pennsylvania,  flattened  stems  were  found  four  feet  and  even  five  feet 
in  width.  Some  of  these  were  exposed  for  fifty  feet,  with  but  little  ap- 
parent diminution.  One  was  exposed  sixty-five  feet,  and  was  estimated 
to  have  extended  at  least  thirty  feet  more.  Another  was  exposed  sev- 
enty feet,  and  was  estimated  to  have  been  eighty  to  one  hundred  feet 
when  growing.* 

The  Sigillarids  are  regarded  as  closely  allied  to  the  Lepidodendrids. 
Indeed,  the  two  families  shade  into  each  other  in  such  wise  that  there 
are  many  genera  the  position  of  which,  whether  in  the  one  family  or  in 
the  other,  is  doubtful.  The  typical  Sigillaria,  however,  differs  in  gen- 
eral port  from  the  typical  Lepidodendron,  chiefly  in  possessing  a  more 
Palm-like,  or  Cycas-like,  or  Dracena-like  stem.  They  are  evidently, 
like  the  Lepidodendrids,  closely  allied  to  Lycopods,  but  their  alliance 
with  higher  classes  is  even  stronger  than  that  of  Lepidodendrids. 

The  internal  structure  of  the  stem  entirely  confirms  this  conclusion. 
A  cross-section  (Fig.  510)  of  a  Sigillaria-stem  shows  a  hard  external 
rind,  d,  inclosing  a  great  mass  of  loose,  cellular  tissue  (inner  bark),  c  c, 
through  the  center  of  which  runs  a  comparatively  small  woody  cylin- 
der, b  b,  and  in  the  center  of  this  again  a  large  pith,  a  n.    From  the 


*  Taylor,  Statistics  of  Coal,  pp.  149,  160;  Williamson,  Nature,  vol.  viii,  p.  447. 
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woody  cylinder  go  bundles  of  fibro-vascular  tissue,//,  through  the  cel- 
lular tissue  of  the  inner  bark,  to  the  leaves,  e  e.  Thus  far  the  descrip- 
tion is  like  the  Lepidodendron,  ex- 
cept that  the  woody  cylinder  is 
larger  and  thicker ;  but  closer  ex- 
amination shows,  in  addition,  the 
woody  cylinder  divided  into  woody 
wedges  by  medullary  rays,  g  g,  in 
true  exogenous  style,  though  the 
concentric  rings  characteristic  of 
^  Exogens  are  wanting.  Still  closer 
examination  with  the  microscope 
shows,  according  to  Dawson,*  a 
true  gymnospermous  tissue  (page 
341,  Pigs.  392  to  394),  both  on 
cross  and  longitudinal  section. 
This,  however,  is  very  doubtful. 
Now,  there  is  no  plant  living 
which  combines  gymnospermous 
tissue  with  a  general  stem-struc- 
ture at  all  similar  to  this,  except 
Cycads  (Cycas,  Zamia,  etc.).  For 
the  sake  of  comparison,  we  have  given  (Fig.  511)  a  cross-section  of 
a  Cycas ;  the  letters  represent  the  same  as  in  the  previous  figure. 


Fio.  509.— Restoration  of  Sigillaria,  by  Dawson. 


Fig.  .510.— Ideal  Section  of  a  SiKillnria-Stem:  a.  pith; 
b,  woody  cylinder;  c.  inner  barli;  d.  rind;  e,  bases 
of  leaves;  ./'.  vascular  tliread  nniuing  to  the 
leaves;  g,  medullary  rays. 


sr 

Fig.  511. — Cross-Section  of 
Stem  of  Cycas. 


Even  leaving  out  the  gymnospermous  tissue  as  doubtful,  there  can  be 
no  reasonable  doubt  of  the  close  alliance  of  the  Sigillarids  with  the 
Cycads.  But  their  close  connection  with  Lepidodendrids  shows  an 
equally  close,  or  closer,  alliance  with  Lycopods.  So  thoroughly  are 
they  a  connecting  type  that  some  paleontological  botanists  (Dawson) 
regard  them  as  Cycads  with  strong  Lycopod  affinities,  while  most 


*  Acadian  Geology,  p.  530. 
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recrard  them  as  Lycopods  with  strong  Cycad  affinities.  Recent  inves- 
tiSitious  seem  to  substantiate  tlie  latter  view ;  for,  in  connection  with 
sfgiUaria,  infloresceuce  similar  to  that  of  Lepidodeadrons,  and  con- 
taining spores,  have  been  at  last  found.* 

5.  CalamariEB.— We  include  under  this  name,  Calamites,  Calamo- 
dendron  Sphenophyllum,  Annularia,  etc.  These  are  plants  having 
long,  slender,  tapering,  reed-like  stems,  jointed  and  hollow,  or  else  with 
large  pith.  The  exterior  surface  of  the  stem  is  finely  striated,  or  fluted, 
but  the  strise  are  not  continuous  nor  marked  with  leaf-scars  like  the 

flutiugs  of  the  Sigillaria, 
but  are  interrupted  at  the 
joints  in  the  manner  shown 
in  Figs.  513  and  513.  At 
the  joints  are  attached  in 
whorls  the  leaves,  which  are 
either  scale-like,  or  strap- 
like, or  thread-like.  Some- 
times at  the  joints  of  the 
main  stem  come  out  in 
whorls  thread-like,  jointed 


Fig.  515. 


Fig.  516. 


Figs  512-516.— Cat.amites  and  theiu  Ai.t.tbs:  512.  Lower  End  of  Stem  of  Calnmites  from  Nova 
Scotin.  513.  Lower  End  of  Stem  of  Onlamitps  caniiicformis  .514.  Splienopliyllnm  crosnm 
(a 'ter  Dawson).  .51.5.  Asterophyllites  foliosus,  England  (after  Nicholson).  516.  Annularia  in- 
flata  (after  Lesqnereux). 

branches,  bearing  scale-like  or  thread-like  leaves.  At  the  lower  end  of 
the  stem,  the  joints  grow  rapidly  smaller  and  shorter,  so  that  this  end 
was  conical.  From  these  short,  rapidly-tapering  joints  came  out  tlie 
thrend-Uke  roofs.  The  stem  was  terminated  above  with  a  cone-like 
fruit  (Fig.  517). 


*  Annales  des  Sciences  Botaniques,  vol.  xix,  p.  256,  1884. 


26 


PALEOZOIC  SYSTEM  OF  ROCKS. 


What  I  have  said  thus  far  applies  word  for  word  to  EquisetfB ;  but 
the  Equiseta3  of  tlie  present  day  are  small,  rush-like  plants,  never  much 
thicker  than  the  finger,  and  seldom  more  than  three  or  four  feet  hio-li 

although  in  South  America  (Caracas)  they 
grow  thirty  feet  high,  but  are  very  slen- 
der; while  Calamarias  were  certainly  two 
feet  or  more  in  diameter,  and  thirty  feet 
high.  Fig.  518  is  an  attempt  to  recon- 
struct the  general  appearance  of  a  Cala- 
mi te  by  Dawson. 

The  internal  structure  of  Calamaria? 
still  further  removes  them  from  Equi- 
setae ;  for  they  seem  to  have  had  (some 
of  them,  at  least)  a  thick,  woody  cylinder 
of  exogenous  structure,  i.  e.,  growing  by 
Cambrian  layers.  And  if,  as  Williamson 
supposes,*  many  of  the  striated  jointed 
stems  called  Calamites  are  only  casts  of 
the  pith,  the  stems  must  have  even  been 
much  larger  than  stated  above. 

Thus,  as  Lepidodendrids  connected 
of^^caiamUe  (after  Lycopods  with  Conifers,  and  Sigillarids 
connected  Lycopods  with  Cycads,  so  these 
connected  Equisetse  with  Conifers. 

General  Conclusion. — The  conclusion  which  we  draw  from  this  ex- 
amination of  Coal  plants  is  :  1.  That  they  belong  to  the  highest  Crypto- 
gams, yiz..  Vascular  Cryptogams,  and  the  lowest  Phgenogams,  viz.,  Gym- 
nosperms  ;  2.  That  they  were  intermediate  between  those  now  widely- 
separated  classes,  and  connected  them  closely  together.  These  facts 
are  strictly  in  accordance  with  the  law  already  announced  (page  357), 
viz.,  that  the  earliest  representatives  of  any  class  or  order  are  not  typi- 
cal representatives  of  that  class  or  order,  but  connecting  or  comprehen- 
sive types — that  is,  types  which,  along  with  their  distinctive  classic  or 
ordinal  characters,  united  others  which  connected  them  with  other 
classes  or  orders.  Thus  the  now  Avidely-separated  classes  and  orders  of 
organisms,  when  traced  backward,  in  time  approach  each  other  more 
and  more,  and  probably  unite  in  one  common  stem,  although  we  are 
seldom  able  to  find  the  point  of  actual  union.  Thus,  in  this  case,  the 
now  widely-separated  Cryptogams  and  Phasnogams,  when  traced  back- 
ward, approach  until  in  the  Coal  they  are  nearly,  if  not  completely, 
united.  The  organic  kingdom  may  be  compared  to  a  tree  whose  trunk 
is  probably  to  be  found,  if  found  at  all,  in  the  lowest  strata;  its  main 


Fig.  517.— Fruit  Fig.  .518— Restoration 
of  Calamite 
(after  Heer). 


*  Nature,  vol.  viii,  p.  447. 
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branches  begin  to  separate  in  the  Palteozoic,  the  secondary  branches  in 
the  Mesozoic,  and  so  the  branching  continues  until  the  extreme  ramifi- 
cation, but  also  the  flower  and  fruit,  are  found  in  the  fauna  and  flora  of 
the  present  day.  The  duty  of  the  evolutionist  is  to  trace  each  bough 
to  its  fellow-bough,  and  each  branch  to  its  fellow-branch,  and  thus 
gradually  to  reconstruct  this  tree  of  life,  and  determine  the  latv  and 
the  cmcse  of  its  growth. 

Theory  of  the  Accumulation  of  Coal. 

There  is  no  question  connected  with  the  Carboniferous  period  con- 
cerning which  there  has  been  more  discussion  than  the  mode  in  which 
coal  has  been  accumulated.  There  are  some  things,  however,  about 
which  there  is  little  difference  of  opinion.  These  we  will  state  first, 
and  thus  narrow  the  field  of  discussion. 

Presence  of  Water. — That  coal  has  been  accumulated  in  the  pres- 
ence of  water,  or  at  least  of  abundant  moisture,  is  evident:  a.  From 
the  preservation  of  the  organic  matter.  By  aerial  decay  vegetable 
matter  is  either  entirely  consumed,  or  else  crumbles  into  dust.  Only  in 
the  presence  of  water  is  it  preserved  and  accumulated  in  larger  quanti- 
ties, i.  The  interstratified  sand  and  clays  and  limestones  have,  of 
course,  been  deposited  like  all  strata  in  water,  c.  The  coal  itself  is  not 
unfrequently  distinctly  and  finely  stratified,  d.  The  plants  found  in 
connection  with  the  coal-seams  are  mostly  such  as  grow  in  moist 
ground. 

Thus  far,  then,  theorists  agree,  but  from  this  point  opinions  diverge, 
and  until  recently  have  very  widely  diverged.  Some  have  thought 
tliat  coal  has  accumulated  by  the  growth  of  plants  "  in  situ^"*  as  in 
peat-bogs  and  peat-swamps  of  the  present  day.  Others  have  supposed 
that  it  has  accumulated  by  driftage  of  vegetable  matter  by  rivers,  like 
the  rafts  now  found  at  the  mouths  of  great  rivers  of  the  present  day. 
According  to  the  one  view,  a  coal-seam  is  an  ancient  peat-S'ioamj)  ; 
according  to  the  other,  it  is  an  immense  buried  raft.  The  one  is  called 
the  "  Peat-log  theory"  the  other,  the  Estuary  or  raft  theory. 

Recently,  however,  scientific  opinions  have  converged  toward  a 
common  belief.  We  will  not,  therefore,  discuss  these  two  rival  theo- 
ries, but  simply  bring  out  what  is  most  certain  in  the  present  views  on 
this  subject : 

1.  Coal  has  been  accumulated  by  growth  of  vegetation  in  situ,  as  in 
peat-stoamps  of  the  present  day.  This  fact  is  now  demonstrable. 
The  reasons  for  believing  it  are  the  following :  a.  The  jmrity  of  coal. 
The  coals  of  the  American  coal-fields  are,  with  few  exceptions,  abso- 
lutely pure,  i.  e.,  the  amount  of  ash  is  not  greater  than  would  result 
from  the  ash  of  the  plants  of  which  it  is  composed.  The  same  is  true 
of  coals  of  most  extensive  coal-fields  everywhere.    Now,  it  has  already 
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been  shown  (p.  149)  that  in  extensive  peat-swamps,  like  the  Great  Dis- 
mal Swamp,  absolutely  pure  vegetable  accumulations  unmixed  with 
sediment  occur ;  but  in  buried  rafts  or  drifted  vegetable  matter  of  any 
kind  there  must  be  a  large  admixture  of  mud.  h.  The  preservation  of 
the  most  complex  and  delicate  parts  of  the  plant  in  their  natural  rela- 
tions to  each  other.  Large  fronds  are  spread  out  and  pressed  as  in  a 
botanist's  herbarium.  Delicate  leaves  are  preserved  with  all  their 
finest  venation  perfectly  visible.  This  is  exactly  what  we  would  expect 
if  they  lay  where  they  fell,  but  it  is  incompatible  with  driftage  by 
rapid  currents  to  long  distances,  c.  The  position  of  these  perfect  speci- 
mens only  on  the  upper  part  of  the  seam,  as  would  be  the  case  with 
the  last  fallen  leaves,  instead  of  mixed  throughout  the  seam,  as  would 
be  the  case  with  drifted  matter,  d.  The  presence  of  stumps  with  their 
spreading  roots  pe^ietrating  the  under -clay  exactly  as  they  greto.  This 
is  not  an  occasional  phenomenon,  but  is  found  in  the  under-clay  of 
very  many  coal-seams.  In  South.  Wales  there  are  100  seams  of  coal, 
every  one  of  which  is  underlaid  by  clay  crowded  with  roots  and  some- 
times Avith  stumps.  In  Nova  Scotia  there  are  seventy-six  seams, 
twenty  of  which  have  erect  stumps  standing  in  their  original  j)osition 
with  spreading  roots  still  penetrating  the  under-claj^  The  other  seams 
have  each  its  under-clay  filled  with  stigmaria-roots.    Besides  these 

seams  there  are  many  dark 
C  ,./^^-^  bands  (dirt-beds)  indicat- 

ing old  forest-grounds. 

The  following  section 
(Fig.  519)  shows  some  of 
these  seams  and  dirt-beds 
or  forest  -  grounds,  with 
penetrating  roots  and  erect 
trunks.  Fig.  520  shows 
an  area  of  about  one  quar- 
ter acre  of  surface  of  the 
under-clay  of  an  English 
coal-seam  in  which  there  are  seventy-three  stumps  in  situ.  This  last 
evidence  (d)  is  demonstrative.  Beneath  nearly  every  coal-seam  there 
is  a  fossil  soil — an  ancient  forest-ground. 

Eecapitulation.—We  may  sum  up  the  evidence,  and  at  the  same 
time  make  it  clearer,  by  describing  a  section  of  a  peat-bog,  and  com- 
paring with  a  coal-seam.  In  such  a  section  we  have  always  an  under- 
clay,  on  which  accumulated  the  moisture,  and  on  which  grew  the 
original  trees  of  the  locality.  This  under-clay  is  often  full  of  roots 
and  stumps  of  the  original  growth.  Above  this  is  a  tine,  structureless, 
carbonaceous  mass,  corresponding  to  the  coal-seam.  On  this  are  the 
last-fallen  leaves,  not  yet  disorganized,  and  the  still-growing  vegetti- 


Fia.  519.— Erect  Fossil  Trees,  Coal-Measures,  Nova  Scotia. 
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tion.  Now,  imagiue  this  overwhelmed  and  buried  by  mud  or  sand,  the 
wliole  subjected  to  powerful  pressure,  and  a  slow  subsequent  process  of 
bituminizatioii ;  and  we  have 
II  complete  reproduction  of 
tlie  phenomena  of  a  coal- 
soam  with  its  accompanying 
under-clay  filled  with  roots, 
and  its  black  shale  filled  with 
leaf  and  branch  impressions. 

There  are,  however,  many 
cases  of  coal-seams  in  which 
no  evidences  are  found  of 
forest  ground.  It  seems 
probable,  therefore,  that  coal 

was  indeed  accumulated  USlt-      Fig.  520.— Ground-Plun  of  a  Fossil  Forest,  Parkfleld 

ally  in  situ  in  extensive  peat-  coihcry. 
swamps  as  already  described  ;  but  that  often  in  the  center  and  lowest 
parts  of  these  swamps  there  were  shallow  lagoons  in  which  fine,  partly 
decomposed  material  was  accumulated  by  gentle  driftage ;  and  such 
drifted  material  formed  often  the  finest  and  most  structureless  kinds 
of  coal,  like  cannel  and  the  like.* 

2.  Coal  has  been  accumulated  at  the  rnouths  of  rivers,  and  therefore 
in  localities  subject  to  floods  by  the  river  and  incursions  by  the  sea.  It 
is  otherwise  impossible  to  account  for  the  clays  and  sands  (often  in- 
closing drift- timber),  and  limestones,  interstratified  with  the  coal. 
The  phenomena  of  an  individual  seam  prove  the  accumulation  by 
growth  in  situ  ;  the  general  phenomena  of  a  coal-basin,  with  its  suc- 
cession of  strata,  prove  that  this  took  place  at  the  mouths  of  rivers. 
Thus,  the  field  of  discussion  is  narrowed  to  very  small  limits. 

We  conclude,  therefore,  that  coal  has  been  accumulated  in  extensive 
peat-swamps  at  the  mouths  of  great  rivers,  and  therefore  subject  to  oc- 
casional floodings  by  the  river  and  inundations  by  the  sea.  That  pure 
peat  may  accumulate  under  these  circumstances,  is  sufficiently  jiroved 
by  the  fact  mentioned  by  Lyell,  that  over  large  tracts  of  ground  in  the 
river-swamp  and  delta  of  the  Mississippi  pure  peat  is  now  forming,  in 
spite  of  the  annual  floods ;  the  sediments  being  all  stopped  by  the 
thick  jungle-growth  surrounding  these  spots,  and  deposited  on  the 
margins,  while  only  pure  water  reaches  the  interior  portions.f 

But  if  coal  has  indeed  been  formed  at  the  mouths  of  great  rivers,  we 
ought  to  find  at  least  something  analogous  to  a  coal-field  in  sections  of 
great  river-deltas.  And  so,  indeed,  we  do.  We  have  seen  (p.  143)  that 
a  great  river-delta,  like  that  of  the  Mississippi  or  the  Ganges,  consists 


*  Grand  Eury,  Mcmoirc  sur  la  formation  do  la  Houille. 
f  Lycll,  Elements  of  Geology,  p.  488. 
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of  alternate  layers  of  river-sediments  (sands  and  clays)  and  marine  sedi- 
ments (limestones)  with  thin  layers  of  peaty  matter,  and  old  forest- 
grounds  with  stumps  and  roots.  It  is,  in  other  words,  a  coal-field, 
though  an  imperfect  one,  in  the  process  of  formation.  It  will  be  re- 
membered, also,  that  we  accounted  for  this  alternation,  not  by  oscilla- 
tions, but  by  the  operation  of  two  opposing  forces,  one  depressing  (sub- 
sidence), the  other  up-building  (river-deposit),  with  varying  success. 
When  the  up-building  by  river-deposit  prevailed,  the  area  was  re- 
claimed, and  became  covered  with  thick  jungle  vegetation;  when  the 
subsidence  prevailed,  it  was  again  covered  with  water,  and  buried  in 
river-sediments,  etc.  Now  and  then,  when  the  subsidence  was  unusu- 
ally great,  the  sea  invaded  the  same  area,  and  limestone  was  formed. 
It  is  substantially  in  this  way  that  coal-fields  were  probably  formed. 

Application  of  the  Theory  to  the  American  Coal-Fields :  a.  Appala- 
chian Coal-Field. — A  glance  at  the  map  (p.  302)  will  show  that,  during 
Carboniferous  times,  there  was  high  land  to  the  north,  east,  and  west  of 
this  field,  and  the  black  area,  representing  the  Coal-measures,  was  then  a 
trough,  into  which,  therefore,  drained  rivers  from  every  side  except  the 
south.  This  trough  was  sometimes  a  coal-swamp,  sometimes  a  lake 
emptying  southward,  sometimes  an  arm  of  the  sea  connecting  with  the 
ocean  southward.  When  it  was  a  coal-marsh,  a  coal-seam  was  formed  ; 
when  a  lake,  sands  and  clays  were  deposited  by  the  rivers  ;  when  an 
arm  of  the  sea,  marine  deposits — limestones — were  formed. 

This  alternation  of  conditions  we  explain  as  follows :  There  were 
three  forces  at  work  on  this  area :  1.  A  general  continental  upheaval, 
affecting  this  along  with  all  other  parts  of  the  continent ;  3.  An  up- 
building by  sedimentary  deposit;  3.  A  local  subsidence.  The  evidence 
of  all  these  is  complete.  The  continental  upheaval,  as  we  have  already 
seen,  was  unceasing  throughout  the  previous  periods,  and,  as  we  shall 
see,  continued  throughout  the  subsequent  periods.  The  up-building  by 
sediments  and  t\\Q  pari  passu  subsidence  are  as  clearly  marked  as  in 
deltas  of  the  present  day,  by  sJwre-marks,  by  shallow-zoater  fossils,  and 
especially  by  forest-grounds  repeated  through  several  thousand  feet  of 
vertical  thickness.  The  existence  of  these  three  forces,  therefore,  is 
not  a  doubtful  hypothesis.  Now,  the  first  two  would  tend  to  reclaim, 
the  third  to  submerge,  the  area.  When  the  reclaiming  forces  pre- 
dominated, the  area  became  swamp-land,  and  covered  with  coal  vegeta- 
tion, and  the  river- water,  strained  through  the  thick  growth,  slowly  went 
southward  by  a  kind  of  seepage.  When  tlie  submerging  forces  pre- 
dominated, the  area  became  a  lake,  and  sediments  in  great  quantities 
were  brought  down  by  the  rivers.  It  is  possible,  perhaps  probable,  that 
correlative  with  the  more  rapid  local  subsidence  which  formed  the  lake 
there  was  also  a  more  rapid  elevation  of  the  high  lands  on  all  sides,  pro- 
ducing more  torrential  river-currents  and  greater  sedimentary  deposits. 
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Now  aud  then,  at  long  intervals,  the  subsidence  would  bring  the  area 
below  sea-level,  and  would  thus  form  an  interior  sea,  or  mediterranean. 
During  such  times,  limestones  would  be  formed,  and  marine  animals 
would  be  imbedded  as  fossils. 

b.  Western  Coal-Fields.— The  Central  and  Western  coal-fields  may 
be  regarded  as  one,  having  been  subsequently  separated  by  denudation. 
This  immensely  extensive  field  may  have  been,  like  the  Appalachian,  a 
hollow  surrounded  on  all  sides  by  higher  land.  If  so,  the  western  land 
has  since  been  submerged,  and  covered  by  more  recent  deposits.  Or  it 
may  have  been  an  extensive  jungly  flat,  bordering  a  western  sea,  the 
many  small  rivers  with  inosculating  deltas,  flowing  westward  and  seep- 
ing through  the  thick,  marshy  vegetation.  There  were  here  far  less 
mechanical  sediments,  because  less  high  land,  and  far  more  marine 
deposits,  because  there  was  a  larger  and  opener  sea ;  but,  in  other  re- 
spects, the  process  may  be  regarded  as  similar. 

Appalachian  Revolution. — This  state  of  oscillation  and  incertitude 
was  cut  short  by  the  Appalachian  revolution.  At  the  end  of  the  Coal 
period,  the  sediments  which  had  been  so  long  accumulating  in  the 
Appalachian  region,  until  their  aggregate  thickness  had  now  reached 
40,000  feet,  at  last  yielded  to  the  horizontal  pressure  produced,  by  in- 
terior contraction  of  the  earth  (p.  274),  and  were  crumpled  and  mashed^ 
and  thickened  up  into  the  Appalachian  chain.  At  the  same  time  the 
Western  coal-swamps  were  upheaved  sufficiently  to  become  permanent 
dry  land.  This  revolution  closed  the  Carboniferous  age  and  the 
Palaeozoic  era. 

Estimate  of  Time. 

We  have  said  (p.  287)  that  it  is  important  that  the  mind  become 
familiarized  with  the  idea  of  the  immense  time  necessary  to  explain 
geological  phenomena.  We  therefore  embrace  this  opportunity  to 
make  a  rough  estimate  of  the  Coal  period.  The  estimate  may  be  made 
either  by  taking  the  whole  amount  of  coal  in  a  coal-field  as  the  thing 
to  be  measured,  and  the  rate  at  which  vigorous  vegetation  now  makes 
organic  matter  as  the  measuring-rod ;  or  else  by  taking  the  whole 
amount  of  sediments  in  a  coal-basin  as  the  thing  to  be  measured,  and  the 
rate  of  accumulation  of  sediments  by  large  rivers  as  the  measuring-rod. 
We  will  give  both,  though  the  latter  is  probably  the  more  reliable : 

1.  From  Aggregate  Amount  of  Coal. — A  vigorous  vegetation — as, 
for  example,  an  average  field-crop  or  a  thick  forest — makes  about  2,000 
pounds  of  dried  organic  matter  per  annum  per  acre,  or  200,000  pounds 
or  100  tons  per  century.*  But  100  tons  of  vegetable  matter  pressed 
to  the  specific  gravity  of  coal  (1'4),  and  spread  over  an  acre,  would 


*  Recent  researches  considerably  increase  these  numbers.  Nature,  vol.  xvi,  p  211 
1877. 
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make  a  layer  loss  than  two  thirds  of  an  inch  in  thickness.  But,  ac- 
cording to  Bischof,  vegetable  matter  in  changing  to  coal  loses,  on  an 
average,  four  fifths  of  its  weight  by  the  escape  of  COg,  CH4,  and  HgO 
(p.  370),  only  one  fifth  remaining.  Therefore,  vigorous  vegetation  at 
present  could  make  only  about  one  eighth  of  an  inch  of  coal,  specific 
gravity  1-4,  per  century.  To  make  a  layer  one  foot  thick  would  require 
nearly  10,000  years.  But  the  aggregate  thickness  in  some  coal-basins 
is  100  feet,  150  feet,  or  even  250  feet  (p.  363).  This  would  require — 
the  former  near  1,000,000,  the  latter  2,400,000  years.  It  is  probable, 
however,  that  coal  vegetation  was  more  vigorous  than  the  present  vege- 
tation. Our  measuring-rod  may  be  too  short ;  we  will  try  the  other 
method : 

2.  From  Amount  of  Sediment.— We  are  indebted  to  Sir  Charles 
Lyell  for  the  following  estimate  of  the  time  necessary  to  accumulate 
the  Nova  Scotia  Coal-measures.  This  coal-field  is  selected  because  the 
evidences  of  river-sediments  are  very  clear  throughout.  The  area  of 
this  coal-basin  is  given  on  page  364  as  18,000  square  miles ;  but  the 
identity  in  character  of  portions  now  widely  separated  by  seas — e.  g., 
on  Prince  Edward's  Island,  Cape  Breton,  Magdalen  Island,  etc. — ^plainly 
shows  that  all  these  are  parts  of  one  original  field,  which  could  not 
have  been  less  than  36,000  square  miles.  The  thickness  at  South  Jog- 
gins  is  13,000  feet.  At  Pictou,  100  miles  distant,  it  is  nearly  as  great. 
We  shall  certainly  not  err  on  the  side  of  excess,  therefore,  if  we  take 
the  average  thickness  over  the  whole  area  as  7,500  feet.  This  would 
give  the  cubic  contents  of  the  original  delta  deposit  as  about  51,000 
cubic  miles.  Now,  the  Mississippi  River,  according  to  Humphrey  and 
Abbot,  carries  to  its  delta  annually  sediment  enough  to  cover  a  square 
mile  268  feet  deep,  or  nearly  exactly  one  twentieth  of  a  cubic  mile. 
Therefore,  to  accumulate  the  mass  of  sediment  mentioned  above  would 
take  the  Mississippi  about  1,000,000  years. 

It  may  be  objected  to  this  estimate  that  it  is  founded  on  a  particu- 
lar theory  of  the  accumulation  of  the  Coal-measures.  The  answer  to 
this  is  plain.  Any  other  mode  would  only  extend  the  time,  for  this 
mode  is  more  rapid  than  any  other.  Again,  it  may  be  objected  that 
we  have  evidence  of  a  very  rapid  accumulation  in  stumps  and  logs  and 
erect  trunks,  either  bituminized  or  petrified,  and  which,  therefore,  must 
have  been  completely  buried  before  they  could  decay.  The  answer  is, 
that  these  are  only  examples  of  local  rapid  deposit,  and  do  not  at  all 
affect  the  general  result.  Precisely  the  same  happens  now  in  river- 
deltas.  Again,  it  may  be  objected  that  the  agencies  of  Nature  were  far 
more  energetic  then  than  now.  This  objection  has  already  been  an- 
swered on  page  288. 

*We,  therefore,  return  to  our  estimate  with  increased  confidence 
that  it  is  far  within  limits.    But  the  Coal  period,  as  already  said  (p. 


PHYSICAL  GEOGRAPHY  AND  CLIMATE  OF  THE  COAL  PERIOD.  393 


300),  is  not  more  tliau  one  thirtieth  of  the  recorded  history  of  the 
eurth ;  beyond  which,  again,  lies  the  infinite  abyss  of  the  unrecorded. 

Physical  Geography  and  Climate  of  the  Goal  Period. 

Physical  Geography. — In  the  eastern  part  of  the  American  Conti- 
nent the  area  of  land  during  this  period  is  approximately  shown  in  the 
map  (p.  302).  It  included  the  Archgean,  the  Cambrian,  the  Silurian,  and 
Devonian  areas,  during  the  whole  age.  In  the  sub-Carboniferous  period 
the  sub-Carboniferous  and  Carboniferous  areas  were  covered  by  the  sea, 
but  in  the  Carboniferous  period  proper  the  sub-Carboniferous  area  was 
land,  and  the  Carboniferous  area,  as  already  seen,  was  in  an  uncertain 
state,  sometimes  above  and  sometimes  below  the  sea-level.  It  is  probable, 
also,  that  the  Eastern  border-land  extended  then  much  beyond  the  line 
of  the  Tertiary  deposits  (see  map,  p.  302),  and  even  beyond  the  present 
coast-line  (see  map.  Fig.  269,  p.  303),  and  was  partly  submerged  in  the 
elevation  of  the  Appalachian  chain,  at  the  end  of  the  Coal  period. 

In  the  Rocky  Mountain  region  there  were  considerable  bodies  of 
land,  mainly  in  the  Basin  region,  but  their  limits  are  not  accurately 
known. 

Again,  it  is  almost  certain  that  all  the  lands  were  comparatively 
low.  None  of  the  great  mountain-chains  of  the  continent  were  yet 
formed.  It  is  also  probable  that  the  same  was  true  of  the  other  conti- 
nents. Nearly  all  the  high  mountain-chains  are  either  more  recent  in 
their  origin,  or  else  in  their  principal  growth.  In  general  terms,  then, 
the  lands  were  smaller  and  lower,  and  the  conditions  more  oceanic, 
than  at  present. 

Climate. — The  climate  of  the  Coal  period  was  undoubtedly  charac- 
terized by  greater  warmth,  humidity,  tmiformity,  and  a  more  highly 
carbonated  condition  of  the  atmosphere,  tlian  now  obtain.  Most  of 
these  characteristics,  if  not  all,  are  indicated  by  the  nature  of  the  vege- 
tation : 

1.  The  loarmth  is  shown  by  the  existence  of  a  tropical  or  ultra- 
tropical  vegetation.  Of  the  present  flora  of  Great  Britain  about  one 
thirty-fifth  are  Ferns,  and  none  of  these  Tree-ferns.  Of  the  Coal  flora 
of  Great  Britain  about  07ie  half  were  Ferns,  and  many  of  these  Tree- 
ferns.  At  present  in  all  Europe  there  are  not  more  than  sixty  known 
species  of  Ferns:  in  European  Coal-measures  there  are  nearly  350* 
species,  and  these  are  certainly  but  a  fraction  of  the  actual  number 
then  existing.  That  this  indicates  a  tropical  climate  is  shown  by  the 
fact  that  out  of  1,500  species  of  living  Ferns  known  twenty  years  ago, 
1,200,  or  four  fifths,  were  tropical  species.  The  number  of  known  liv- 
ing Ferns  is  now  about  3,000,f  but  the  proportion  of  tropical  species  is 


Lesquercux. 


f  Nature,  August,  1876. 
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still  probably  the  same.  Eveu  in  the  tropics,  however,  the  proportion 
of  Ferns  is  far  less  than  in  Great  Britain  during  the  Coal  ])eriod. 
Again,  Tree-ferns,  arborescent  Lycopods,  Oycads,  and  Araucarian  Coni- 
fers, are  now  wholly  confined  to  tropical  or  sub-tropical  regions.  The 
prevalence  of  these  tropical  families  and  their  immense  size,  compared 
with  their  congeners  of  the  present  day,  wonld  seem  to  indicate  not 
only  tropical  but  tt^/ra- tropical  conditions.  And  these  conditions  pre- 
vailed not  only  in  the  United  States  and  Europe,  but  northward  into 
polar  regions ;  for  in  Melville  Island^  75°  north  latitude,  Grimiell  Land, 
81°  43',  and  Spitzbergen,  7?°  33'  north  latitude,  have  been  found  coal- 
strata  containing  Tree-ferns,  gigantic  Lycopods,  Catamites,  etc. 

3.  The  humidity  is  indicated  by  the  fact  that  Tree-ferns  and  arbo- 
rescent Lycopods  are  most  abundant  now  on  islands  in  the  midst  of 
the  ocean ;  and  further  by  the  great  extent  of  the  Coal  swamps,  and 
perhaps  also  by  the  general  succulence  of,  or  the  predominance  of  cellu- 
lar tissue  in,  the  plants  of  that  period. 

3.  The  uniformity  is  proved  by  the  great  resemblance  and  often 
identity  of  the  species  in  the  most  widely- separated  regions.  Accord- 
ing to  Lesquereux,  out  of  434  American  and  440  European  species,  176 
are  common,  and  the  remainder  far  less  diverse  in  character  than  tlie 
species  of  the  two  floras  at  present.  Again,  in  all  latitudes,  from  the 
tropics  to  75°  north  latitude.  Coal  species  are  extremely  similar.  Such 
uniformity  of  vegetation  shows  a  remarkable  uniformity  of  climate. 
From  the  earliest  times  until  the  present  there  has  been  probably  a 
gradual  evolution  of  continents — a  gradual  diiierentiation  of  land  and 
water,  a  consequent  differentiation  of  climates,  and  a  corresponding 
differentiation  of  faunas  and  floras. 

4.  The  carbonated  condition  of  the  atmosphere  is  proved  by  the 
large  quantity  of  carbon  laid  up  in  the  form  of  coal,  the  whole  of  which 
was  withdrawn  from  the  atmosphere  in  the  form  of  carbonic  acid.  It 
is  also  indicated  by  the  nature  and  the  luxuriance  of  the  vegetation. 
The  proportion  of  carbonic  acid  in  the  atmosphere  is  now  about  ^  per 
cent  (-g^Vo)-  I^ow,  since  carbonic  acid  is  the  necessary  food  of  plants, 
it  is  natural  to  expect  that  up  to  a  certain  limit  the  increase  of  atmos- 
pheric carbonic  acid  would  increase  the  luxuriance  of  vegetation.  Ex- 
periments by  Daubeny*  prove  that  this  is  true  especially  for  vascular 
Cryptogams. 

We  may  therefore  picture  to  ourselves  the  climate  of  this  period  as 
warm,  moist,  uniform,  stagnant  (for  currents  of  air  are  determined  by 
difference  of  temperature),  and  stifling,  from  the  abundance  of  carbonic 
acid.  Such  physical  conditions  are  extremely  favorable  to  vegetation, 
but  unfavorable  to  the  higher  forms  of  animal  life. 


*  Report  of  British  Association  for  1849,  p.  62,  and  1850,  p.  159. 
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Cause  of  this  Climate— The  moisture  and  uniformity  were  the 
necessary  result  of  tlie  physical  geography  ah-eady  given.  They  were 
due  to  the  wide  extent  of  ocean  and  the  absence  of  large  continents  and 
high  mountains.  High  mountains  are  the  precipitating  points  for  the 
atmosphere— points  through  which  it  discharges  its  superabundant 
moisture.  As  these  did  not  exist,  the  atmosphere  was  always  highly 
charged.  The  prevalence  of  the  ocean  also,  as  is  well  known,  produces 
uniformity. 

The  greater  warmth  of  high  latitudes  is  partly  explained  by  the 
iiniformity.  But  there  is  good  reason  to  believe  that  there  was  then 
a  higher  mean  temperature  than  now  exists.  This  was  probably  due 
not  to  the  greater  interior  temperature  of  the  earth,  as  usually  sup- 
posed, but  to  the  constittUion  of  the  atmosphere.  This  maybe  shown 
as  follows : 

The  surface-temperature  of  the  earth  is  now  almost  wholly  due  to 
external,  not  to  internal  causes.  It  has  been  calculated  that  only  one 
twentieth  of  a  degree  Fahr.  is  now  due  to  the  latter  cause.  In  going 
downward  the  heat  increases  about  1°  Fahr.  for  every  50  to  60  feet, 
i.  e.,  the  internal  heat  for  every  50  feet  of  depth  increases  twenty  times 
the  surface-temperature,  so  far  as  this  is  due  to  internal  causes.  Now, 
it  has  been  shown  by  Fourier  and  Hopkins  that  the  same  would  be 
true  whatever  be  the  surface-temperature  from  internal  causes.  For 
example,  if  the  surface-temperature  from  internal  causes  be  1°,  then 
for  every  50  feet  of  depth  the  interior  heat  would  increase  20°.  If  the 
surface-temperature  from  internal  causes  be  10°,  then  for  every  50  feet 
of  depth  the  interior  heat  would  increase  300° — a  condition  of  things 
entirely  inconsistent  with  the  growth  of  plants,  since  all  the  springs 
would  be  boiling.  We  can  not,  therefore,  attribute,  as  many  have 
done,  even  a  few  degrees'  increase  of  mean  temperature  to  causes  in- 
terior to  the  earth.  In  fact,  it  seems  almost  certain  that  during  the 
whole  recorded  history  of  the  earth,  i.  e.,  during  the  time  it  has  been 
inhabited  by  organisms,  the  surface-temperature  of  the  earth  has 
been  almost  wholly  due  to  external  causes.  Now,  the  composition 
of  the  atmosphere  is  an  external  cause,  which  greatly  affects  the  sur- 
face-temperature, but  which  has  hitherto  been  almost  wholly  neg- 
lected. The  thorough  explanation  of  this  point  will  require  some  dis- 
cussion of  the  properties  of  transparent  media  in  relation  to  light  and 
heat. 

Many  bodies  which  are  transparent  to  light  are  opaque  to  heat. 
Such  bodie?,  however,  will  freely  transmit  heat,  if  the  heat  be  accom- 
panied with  intense  light.  It  is  as  if  the  light  carried  the  heat  through 
with  it.  Heat  thus  associated  with  light  is  sometimes  called  light-heat, 
while  that  which  is  not  thus  associated  is  called  dark  heat.  Now,  the 
bodies  spoken  of  are  transparent  to  light-heat,  but  opaqiie  to  dark  lieat. 
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Glass  is  sucli  a  body.  If  a  pane  of  glass  be  held  between  the  face  and 
the  sun,  the  heat  passes  freely  and  burns  the  face,  but  the  same  pane 
would  act  as  a  partial  screen  before  a  fire,  and  as  a  perfect  screen  be- 
fore a  hot,  but  not  incandescent,  cauuon-ball. 

It  is  in  this  way  we  explain  the  fact  that  a  glass  greenhouse,  even 
in  the  coldest  sunshiny  winter's  day,  becomes  insupportably  warm  if 
shut  up.  The  sun-light  and  heat  pass  freely  through  the  glass,  and 
heac  the  ground,  the  benches,  the  flower-pots ;  but  the  light-heat 
thereby  becomes  converted  into  dark  heat,  and  thus  is  imprisoned 
within.*  Now,  the  earth  and  its  atmosphere  are  such  a  greenhouse. 
The  light-heat  passes  readily  through,  warms  the  ground,  changes 
into  dark  heat,  and  is  in  a  measure  imprisoned  by  the  partial  opacity 
of  the  atmosphere  to  this  kind  of  heat.  The  atmosphere  is  a  kind  of 
blanket  put  about  the  earth  to  keep  it  warm.  So  much  has  long  been 
recognized.  But  Tyndall  has  shown  f  that  the  property  of  opacity  to 
dark  heat  in  the  case  of  the  atmosphere  is  due  wholly  to  the  small 
quantity  of  carbonic  acid  and  aqueous  vapor  present ;  that  oxygen  and 
nitrogen  are  transparent  to  dark  heat,  and,  therefore,  if  the  atmosphere 
consisted  only  of  these  two  gases,  it  would  not  be  heated  by  radiation 
from  the  earth,  and  the  ground  would  lose  all  its  heat  by  radiation 
during  the  night,  and  become  intensely  cold  like  space.  In  other 
words,  the  blanket  put  about  the  earth  to  keep  it  warm  is  woven  of 
carbonic  acid  and  aqueous  vapor. 

Now,  we  have  seen  that  during  the  Coal  period  the  quantity  of  car- 
ionic  acid  and  aqueous  vapor  \  in  the  air  teas  far  greater  than  now. 
The  atmosphere  was  then  a  double  blanket,  and  therefore  kept  the 
young  earth  much  warmer.  We  believe  that  Prof.  T.  S.  Hunt*  was 
the  first  to  apply  this  discovery  of  Tyndall  to  the  explanation  of  the 
climate  of  the  Coal  period.  E.  B.  Hunt  had  previously  attributed 
it  to  greater  density  of  the  air;  but  this  is  a  wholly  different 
principle.  II 

Thus  the  physical  geography  explains  the  humidity  and  uniformity, 
and  the  greater  humidity  and  the  carbonic  acid  explain  the  greater 
mean  temperature.  But  there  is  still  the  carbonic  acid  to  be  accounted 
for. 


*  On  Mount  Whitney,  in  tlie  sunshine,  Langley  got,  in  a  box  covered  with  glass,  a 
temperature  of  236°  Fahr.  or  113-3°  C,  while  in  the  shade  of  the  open  air  the  temper- 
ature was  only  68-6°  F.  or  14-8°  C. 

f  Proceedings  of  the  Royal  Society,  vol.  xi,  p.  100 ;  American  Journal,  second  series, 
vol  xxxvi,  p.  99. 

I  This  does  not  mean  clouds  or  fogs,  but  transparent  invisible  vapors. 

*  Chemical  and  Goolonical  Essays,  p.  42. 

II  Accordina;  to  Buff,  Archives  dcs  Sciences,  vol.  Ivii,  p.  293,  the  opacity  to  dark  heat 
of  carbonic  acid  and  aqueous  vapor  has  been  exaggerated  by  Tyndall. 


IRON-ORE  OF  THE  COAL-MEASURES. 


397 


The  more  highly-carbonated  condilioii  of  the  atmosphere  must  be 
attributed  to  tlie  oi'iginul  coiistitutiou  of  the  air.  All  carbonic-acid- 
producing  causes,  such  as  animal  respiration,  combustion,  general  decay 
of  organic  matter,  volcanoes,  carbonated  springs,  etc.,  only  return  to 
the  air  what  has  been  previously  taken  from  it.  There  can  be  no  doubt 
that  all  the  carbon  in  the  world,  whether  in  the  form  of  organic  matter, 
or  of  coal,  or  of  bitumen,  or  of  carbonates,  existed  once  as  carbonic  acid 
in  the  air,  and  has  been  progressively  withdrawn.  First  immense  quan- 
tities were  withdrawn  and  fixed  as  carbonates,  especially  as  carbonate  of 
lime  (limestone),  and  the  air  correspondingly  purified.  Again,  immense 
quantities  were  withdrawn  by  the  luxuriant  vegetation  of  the  Coal  pe- 
riod, and  fixed  as  coal.  In  this  latter  method  of  withdrawal  the  oxygen 
of  the  carbonic  acid  is  returned,  and  the  oxygenation  of  the  air  is  in- 
creased. We  shall  see  hereafter  that  the  process  of  purification  did  not 
cease  with  the  Coal  period ;  for  large  quantities  were  again  withdrawn 
and  laid  down  as  coal  and  lignite  in  the  Jurassic,  the  Cretaceous,  and 
Tertiary  periods.  There  can  be  no  doubt  that  this  progressive  purifica- 
tion of  the  air,  by  the  withdrawal  of  superabundant  carbonic  acid  and 
returning  the  pure  oxygen,  fitted  it  for  the  purposes  of  higher  and 
higher  animals. 

Iron- Ore  of  the  Coal- Measures. 

We  have  already  stated  that  the  Coal-measures  consist  of  alternat- 
ing layers  of  sandstones,  shales,  and  limestones,  containing  seams  of 
coal  and  bands  of  iron-ore.  We  have  already  discussed  the  mode  of 
occurrence,  the  varieties,  and  the  theory  of  accumulation  of  the  coal. 
We  come  now  to  discuss  the  same  points  in  regard  to  the  iron-ore. 

Mode  of  Occurrence. — The  mode  of  occurrence  of  iron-ore  is,  in 
many  respects,  like  that  of  coal.  Like  coal,  it  is  found  in  seams,  which 
vary  in  thickness  from  a  fraction  of  an  inch  to  forty  or  fifty  feet. 
Like  coal,  these  very  thick  seams  are  apt  to  be  impure,  being  largely 
mixed  with  clay.  Seams  pure  enough  to  work  profitably  are  seldom 
more  than  three  or  four  feet  thick.  Like  coal,  the  seams  are  repeated 
many  times  in  the  same  section  (Fig.  454,  p.  3G1),  but  without  any  dis- 
coverable order  of  succession.  Like  coal,  the  seam  is  usually  underlaid 
by  clay. 

Kinds  of  Ore. — The  form  of  iron-ore  found  in  all  strata,  except 
those  containing  coal,  is  usually  ferric  oxide,  either  hydrated  (brown 
hematite — limonite),  or  anhydrous  (red  hematite),  or  else  magnetic  ox- 
ide; but  in  the  Coal-measures  of  this  period,  and  in  the  Coal-measures 
of  every  other  period— i.  e.,  in  all  strata  containing  coal— i\\Q  iron  is  in 
the  form  oi  ferrous  carbonate.  This  is  usually  mixed  with  clay,  and 
therefore  called  clay  iron-stone.  It  is  often  nodular  and  mammillatcd, 
and  called  kidney  iron-ore.    Sometimes  it  is  mixed  intimately  with 
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carbonaceous  matter,  and  is  called  black-band  ore.  Tiiis  last  very  valu- 
able ore  is  found  in  Pennsylvania,  Ohio,  and  in  Scotland. 

The  importance  of  the  association  of  coal  and  iron  in  the  same 
strata  can  not  be  overestimated.  For  this  reason,  the  raising  of  coal 
and  the  manufacture  of  iron  are  conducted  in  connection  with  each 
other,  and  the  smelting  furnaces  are  often  situated  at  the  mouths  of 
the  coal-mines.  It  is  easy  to  understand,  therefore,  why  Great  Britain, 
the  greatest  coal-producing  country  in  the  world,  should  be  also  the 
greatest  iron-producing  country.  Most  of  the  iron-ore  worked  in 
Great  Britain  is  taken  from  her  coal-measures.  In  this  country,  much 
iron  is  made  from  the  iion  carbonates  of  the  coal-measures,  but  much 
also  from  the  peroxide  and  magnetic  ores  found  elsewhere,  especially 
in  Archfean  (p.  298). 

The  following  table  gives  a  comparative  view  of  the  annual  iron- 
production,  in  tons,  of  the  principal  iron-producing  countries  of  the 
world.  It  will  be  seen  that  Great  Britain  makes  more  than  a  third  of 
the  iron  of  the  world.  The  rapid  increase  in  the  production  of  this 
great  agent  of  civilization  is  also  seen.  In  1888  the  iron  and  steel  pro- 
duction of  the  United  States  reached  the  enormous  amount  of  12,000,- 
000  tons : 


IKON  AND  STEEL. 

1845. 

1856. 

1864. 

1S71. 

1878. 

1881. 

Great  Britain. . .  . 
United  States. . . . 

2,200,000 
502,000 
450,000 

3,500,000 
1,000,000 

5,000,000 
1,200,000 
1,217,000 

5,667,000 

6,566,000 
2,560,000 
1,381,000 

10,600,000 
6,200,000 
2,600,000 
4,500,000 

27,300,000 

1,664,000 

World  

7,000,000 

14,485,000 

Theory  of  the  Accumulation  of  the  Iron-Ore  of  the  Coal-Measures.— 

We  have  already  explained  (p.  150)  how  iron-ore  is  now  accumulated 
bv  the  agency  of  decaying  oi'ganic  matter.  We  have  also  shown  that 
if  the  organic  matter  is  consumed  in  doing  the  work  of  accumulation, 
the  iron-ore  is  left  in  the  form  of  iron  peroxide ;  but  if  it  is  accumu- 
lated in  the  presence  of  excess  of  organic  matter,  it  retains  the  form 
of  ferrous  carbonate.  AVe  will  now  give  additional  evidence,  taken 
from  the  occurrence  of  iron-ore  in  the  strata  of  the  earth,  that  the 
same  agency  has  accomplished  the  same  results  in  all  geological  times : 
1.  Immense  beds  of  iron-ore  are  found  in  the  strata  of  all  geological 
ages ;  but,  wherever  we  find  them,  we  find  also  associated  a  correspond- 
ing amount  of  strata,  decolorized  or  leached  of  their  iron  coloring-mat- 
ter. Contrarily,  wherever  wo  find  the  rocks  extensively  red,  we  usually 
find  also  an  absence  of  valuable  beds  of  iron-ore.  We  are  thus  led  to 
conclude  that  the  iron-ore  of  iron-beds  has  been  washed  out  of  the 
strata,  which  are  thereby  left  in  a  decolorized  condition. 
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2.  That  this  has  been  done  by  the  agency  of  organic  matter  is  shown 
by  the  fact  that,  wlierever  we  find  evidences  of  organic  matter,  whether 
in  the  form  of  fossils  or  of  coal,  we  find  the  sandstones  and  shales  are 
white  or  gray — i.  e.,  leached  of  coloring-matter.  Conversely,  red  rocks 
are'  usually  barren  of  fossils  or  of  coal.  For  example,  all  the  sand- 
stones of  the  coal-measures,  or  of  all  other  strata  containing  coal,  are 
yray,  while  the  Old  Red  sandstone  below  the  coal,  and  the  New  Red 
sandstone  above  the  coal,  and,  in  fact,  all  red  sandstones,  are  very 
poor  in  fossils  or  evidences  of  organic  matter  of  any  kind.  Thus, 
evidences  of  organic  matter,  and  the  decoloring  of  the  strata,  and 
the  accumulation  of  iron-ore,  are  closely  associated  as  cause  and 
etfect. 

3.  In  all  the  strata,  whether  older  or  newer,  in  which  there  is  no 
coal,  i.  e.,  in  which  there  is  no  excess  of  organic  matter  in  a  state  of 
change,  the  iron-ore  is  peroxide  {ferric  and  magnetic  oxide) ;  while  in 
coal-measures  of  all  periods,  whether  Carboniferous,  or  Jurassic,  or  Cre- 
taceous, or  Tertiary,  or  in  all  cases  where  there  is  organic  matter  in  ex- 
cess in  a  state  of  change  (not  graphite),  the  iron-ore  is  in  the  form  of 
carbonate  protoxide,  ov  ferroiis  carbonate  (FeCOa). 

Therefore,  we  conclude  that  both  now  and  always  iron-ore  is,  and 
has  been,  accumulated  by  organic  agency ;  *  again,  that  both  now  and 
always  there  are,  and  have  been,  three  conditions  of  iron-ore,  each  as- 
sociated with  the  absence  or  presence  in  smaller  or  larger  quantities  of 
changing  organic  matter :  1.  It  may  be  universally  diffused  as  a  color- 
ing-matter of  rocks  and  soils,  and  unavailable  for  industries ;  in  this 
case  there  has  been  no  organic  matter  to  leach  it  out  and  accumulate  it. 
2.  It  may  be  accumulated  as  ferric  oxide ;  in  this  case  there  has  been  \ 
organic  matter  only  sufficient  to  do  the  work  of  accumulation,  and  was 
all  consumed  in  doing  that  work.  3.  It  may  be  accumulated  as  ferrous 
carbonate ;  in  this  case  there  is  excess  of  organic  matter,  usually  in  the 
form  of  coal. 

This  much  is  certain ;  but,  as  to  the  exact  mode  and  time  of  the 
leaching  and  accumulation,  there  is  some  difference  of  opinion.  There 
are  two  ways  in  which  the  accumulation  may  have  occurred :  It  may 
have  accumulated  in  tlie  coal-marshes  during  the  Coal  period,  being  at 
that  time  leached  out  of  the  surrounding  soils,  which  were  therefore 
left  in  a  decolorized  condition,  and  in  this  condition  subsequently 
washed  down  as  sediments  into  the  coal-marshes.  Or,  it  may  have 
been  brought  down  as  the  coloring-matter  of  red  sands  and  clays; 
and  afterioard,  perhaps  after  the  Coal  period,  leached  out  by  percolat- 
ing waters  containing  organic  matter  from  the  coal-beds,  carried  down- 


*  Rome  writers  have  contested  this  statement.  See  Winchell,  Jlinnesota  Geolo''ical 
Survey,  Bulletin  VI,  pp.  246-248,  1891.  ° 
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ward  until  stopped  by  au  impervious  clay-stratum,  and  accumulated 
there.    The  former  mode  is  the  more  probable.* 

The  above  view  is  true  as  a  general  statement,  but  the  accumulation 
is  not  always  direct.  On  the  contrary,  it  may  be  («)  by  replacement 
of  limestone  by  ferrous  carbonate  which  becomes  oxidized  into  ferric 
oxide;  or  (b)  ferrous  sulphate  may  react  with  lime  carbonate  and  form 
lime  sulphate  and  ferrous  carbonate  (FeSO^  -|-  CaCOa  =  CaSOi  +  Fe 
CO3),  the  latter  becoming  by  oxidation  ferric  oxide;  or,  finally  (c),  fer- 
riferous limestone  may  be  leached  of  its  lime  and  the  residual  iron  ac- 
cumulated. 

But,  in  any  case,  organic  matter  has  been  the  agent  in  some  stage 
of  the  change ;  and,  therefore,  in  this  case,  as  in  all  other  cases,  iron- 
ore  is  the  sign  of  organic  matter,  and  the  measm-e  of  the  amount  of 
organic  matter  consumed  in  its  accumulation.  There  are,  therefore, 
three  signs  of  the  previous  existence  of  organisms  used  by  geologists ; 
they  are  coal,  iro?i-ore,  and  fossils. 

We  can  not  dismiss  this  subject  without  making  one  passing  reflec- 
tion suggested  by  the  mention  of  these  three  signs  of  life : 

The  organic  kingdom  is  so  much  matter  taken  from  the  atmosphere, 
embodied  for  a  brief  space  in  individual  living  forms,  to  be  again  dis- 
solved by  death,  and  returned  to  the  atmosphere  whence  it  came.  The 
same  material  is  again  taken  by  the  next  generation,  embodied  and 
again  returned  at  its  death.  The  same  small  quantity  of  matter  in  the 
atmosphere  is  embodied  and  disembodied,  again  embodied  and  disem- 
bodied, and  thus  Avorked  over  and  over  again  by  constant  circulation 
thousands,  yea,  millions  of  times,  in  tlie  history  of  the  earth.  Now,  in 
this  constant  circulation  of  the  elements  of  organic  matter,  besides  the 
work  done  in  the  fact  of  circulation  itself,  viz.,  the  wonderful  but  fleet- 
ing phenomena  of  vegetable,  animal,  yea,  of  human  life,  there  was  an- 
other work,  the  results  of  which  accumulated  from  age  to  age — a  work, 
too,  of  the  greatest  importance  to  the  well-being  of  the  human  race. 
A  portion  of  this  circulating  matter,  in  its  course  downward  from  the 
organic  to  the  mineral  kingdom,  s^/yje(Z7ia?/-w«y,  and  was  accumulated 
as  great  beds  of  coal — reservoirs  of  stored  force.  As  circulating  water 
descending  seaward  is  stopped  and  stored  in  reservoirs  to  complete  its 
descent  under  the  control  of  man,  and  do  his  work ;  so  circulating  or- 
ganic matter  descending  is  stopped  and  stored,  and  is  now  completing 
its  descent  under  the  control  of  man,  and  doing  his  work,  and  thus 
becomes  the  great  agent  of  modern  civilization. 

A  second  portion  oi  circulating  organic  elemeTits  completes  its  de- 
scent, but  in  doing  so  accumulates  iron-ore,  the  second  great  civilizer 
of  the  human  race. 


*  Bischoff,  Chemical  Geology,  vol.  i,  p.  315. 
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A  third  portion  also  completes  its  descent,  bat  accumulates  neither 
coal  nor  iron-ore;  but  it  accomplishes  a  work  far  more  subtile  and 
beautiful  than  either  of  the  others.  As  each  particle  of  organic  matter 
returns  to  the  atmosphere,  it  compels  a  particle  of  mineral  matter  to 
take  its  place,  thus  completely  reproducing  its  form  and  structure. 
Thus  fossils  are  formed,  and  thus  is  the  history  of  the  organic  king- 
dom self-recorded.  Thus,  while  the  other  two  portions  have  sub- 
served the  material  wants  of  man,  this  portion  has  subserved  his  higher 
intellectual  wants. 

Bitumen,  Petroleum,  and  Natural  Gas. 

The  origin  of  bitumen  and  petroleum  is  so  similar  to  that  of  coal, 
that  although  not  confined  to,  nor  even  found  principally  in,  the  Coal- 
measures,  the  subject  is  best  taken  up  in  this  connection. 

It  is  well  known  that  coal  or  any  organic  matter,  by  suitable  distil- 
lation, may  be  broken  up  into  a  great  variety  of  products :  some  solid, 
AS  coal-pitch  ;  some  tarry,  as  coffZ-^«?' ;  some  liquid,  as  coaZ-Oi7  ;  some 
volatile,  as  coal-naphtha  ;  and  some  gaseous,  as  coal-gas.  Now,  we  find 
collected,  in  fissures  beneath  the  earth,  or  issuing  from  its  surface,  a 
very  similar  series  of  products  :  some  solid,  as  asphalt ;  some  tarry,  as 
bitumen  J  some  liquid,  as  petrolettm  ;  some  Yo]ati\e,  as  rock-naphtha  ; 
and  some  gaseous,  as  marsh-gas  of  burning  springs.  There  can  be 
little  doubt  that  these  also  are  of  organic  origin.  The  utilization  of  all 
these  products,  especially  petroleum  and  gas,  have  now  become  a  great 
industry. 

Geological  Relations. — Bitumen  and  petroleum  are  found  in  all  fos- 
siliferous  rocks,  from  the  lowest  Silurian  to  the  uppermost  Tertiary, 
under  certain  conditions,  among  which  are  the  local  abundance  of  or- 
ganisms from  which  these  substances  are  formed,  and  the  absence  of 
great  metamorpliism.  The  signs  of  their  presence  in  any  locality  are 
iridescent  scums  on  the  water  of  springs  (oil-show),  and  the  issuing  of 
combustible  gases  (burning  springs).  In  regard  to  the  first  sign,  it 
must  be  remembered  that  iridescent  scums  are  produced  by  many  other 
substances  besides  petroleum.  The  second  sign  is  considered  the  best, 
although  combustible  gases  may  issue  from  decomposing  organic  matter 
of  any  kind,  or  from  coal.  Some  of  the  burning  springs  in  the  oil- 
region  of  Kentucky  are  said  to  produce  a  flame  twenty  to  thirty  feet 
long.  It  is  a  significant  fact  that  petroleum  is  often  associated  with 
salt.  It  is  so  in  Pennsylvania,  in  Virginia,  and  in  many  other  lo- 
calities. 

Oil-Formations. — I  have  said  that  petroleum  and  bitumen  are  found 
in  all  fossiliferous  formations,  but  in  each  country  there  are  certain  for- 
mations where  it  especially  abounds :  in  Europe  it  is  found  principally 
in  the  Tertiary;  in  Eastern  United  States  it  is  found  ahnost  whollv  in 
27 
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the  PaliBOzoic,  below  the  Coal-measures  ;  in  California  it  is  found  in 
the  Tertiary. 

Principal  Oil-Horizons  of  the  United  States.— In  Pennsylvania  and 
Kentucky  oil  is  found  in  the  Upper  Devonian;  in  Canada,  in  the 
Lower  Devonian;  in  West  Virginia,  in  tlie  sub-Carboniferous  ;  in  Ohio, 
in  tlie  Coal-measures,  Upper  Devonian  (Huron  shales),  and  especially 
in  the  Lower  Silurian  (Trenton  limestone) ;  in  Colorado  it  is  found  in 
the  Cretaceous:  in  California,  in  the  Miocene  Tertiary  of  the  Coast 
.Range,  all  the  way  from  Los  Angeles  to  Cape  Mendocino.  These  liave 
been  called  oil-horizons. 

Laws  of  Interior  Distribution.— The  mode  of  interior  distribution 
of  petroleum  is  similar  to,  yet  different  from,  that  of  water.  Like 
water,  it  collects  in  porous  strata,  especially  if  these  are  covered  with 
impervious  strata,  and  in  fissui-es  and  cavities  of  all  kinds  ;  like  water 
and  with  water,  it  collects  in  ordinary  wells,  or  sometimes  spouts  in 
immense  quantities  from  artesian  wells.  Some  of  the  great  spouting- 
wells  ill  Pennsylvania,  when  first  opened,  yielded  3,000  barrels  per  day, 
some  in  Ohio  5,000  barrels,  or  even  more,  and  some  of  the  great  wells  of 
Baku,  on  the  Caspian  Sea,  even  1,000,000  gallons,  or  25,000  barrels  per 
day.  But,  unlike  water,  there  is  no  perennial  large  supply  ;  the  accu- 
mulations of  ages  being  exhausted  sometimes  in  a  few  years.  Unlike 
water,  the  force  of  ejection  is  not  hydrostatic  pressure  directly,  but 
hydrostatic  pressure  transmitted  through  elastic  compi-ession  of  the 
gases  generated  from  the  petroleum  itself.  The  great  spouting- wells, 
therefore,  being  the  fortunate  tappings  of  the  accumulations  of  ages,  in 
fissures  and  cavities,  are  enormously  productive  when  first  opened,  but 
are  also  in  the  same  proportion  rapidly  exhausted.  It  is  evident  that 
the  same  is  much  more  true  of  gas-wells  :  they  must  be  still  more 
short-lived.  In  cases  where  the  accumulation  occurs  in  pores  and  nu- 
merous small  fissures,  the  supply  is  less  abundant  but  more  perma- 
nent ;  although  some  very  productive  wells  have  been  opened  in  porous 
sandstones  of  Pennsylvania  and  the  limestones  of  Ohio  where  no  de- 
cided cavities  have  been  demonstrated.  Where  oil  is  associated  with 
water  and  gas,  especially  in  cavities,  the  three  materials  arrange  them- 
selves in  the  order  of  their  specific  gravities.  It  follows,  therefore,  that 
gas  and  oil  usually  come  up  first,  and  water  only  after  these  are  ex- 
hausted. 

Kinds  of  Rocks  which  bear  Petroleum.— As  already  stated,  petro- 
leum, like  water,  is  found  principally  in  pores,  fissures,  and  cavities  of 
all  kinds.  The  same  kinds  of  rocks,  therefore,  which  are  water-bearing 
are  also  oil-bearing — viz.,  sandstones  and  limestones,  especially  if  these 
have  an  impervious  shale  cover.  In  Canada  and  Ohio  it  is  found  in 
limestone,  and  the  peculiar  porous  character  of  the  Trenton  limestone 
of  Ohio  which  makes  it  oil-bearing  is  shown  in  Figs.  521  and  522.  In 
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rennsylvania  it  is  found  in  sandstone  with  intervening  barren  shales. 
In  Pennsylvania  there  are  three  oil-bearing  sandstones  separated  by 


Fig.  531.  Fig-  522. 

Figs.  521  and  522.— Sections  of  Trenton  limestones  of  Ohio,  magnified  (from  Orton). 

about  300  feet  of  intervening  shales.  If  a  well  reaches  the  first  sand- 
stone without  finding  oil,  the  boring  is  continued  to  the  second,  or  even 
to  the  third.  Fig.  523  (taken  from  Lesley)  represents  a  section  through 
the  Pennsylvania  oil-regions,  showing  the  three  principal  oil-horizons 
of  the  Eastern  United  States  recognized  at  that  time,  viz.,  the  Venango 
County  (Pennsylvania)  horizon  with  its  three  sandstones ;  the  Virginia 


Fig.  523. 


sub-Carboniferous  horizon  above ;  and  the  Canada  horizon  below.  To 
these  must  now  be  added  the  Trenton  limestone  horizon  of  Ohio,  still 
lower.  It  is  probable  that  the  oil-generating  stratum  is  usually  a  shale. 
Above  this  is  the  oil-reservoir  stratum  of  sandstone  or  limestone. 
.Vbove  this  again  is  the  impervious  shale-cover. 

Petroleum  (especially  the  lighter  oils)  is  usually  found  only  in  hori- 
zontal or  gently-folded  strata,  because  strongly-folded  and  crumpled 
strata  are  always  metamorphic,  and  the  heat  which  produced  meta- 
morpliism  has  also  concreted  the  oil  into  bitumen  or  asphalt.  Also  the 
outcropping  of  the  edges  of  highly-inclined  strata  favors  the  escape  of 
gas  and  the  concretion  of  the  oil.  It  is  hardly  probable,  therefore, 
that  a  light  oil  will  ever  be  found  in  the  California  oil-region.* 

In  gently-folded  strata  the  most  productive  portions  seem  to  be 
along  a  line  of  anticline ;  because  there  we  may  expect  large  fissures, 


*  Some  tolerably  good  oil  has  been  found  in  California  in  metamorphic  strata. 
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iiud  also,  pcrhapa,  because  tlie  oil  working  up  on  the  surface  of  water, 
is  apt  to  accumulate  under  the  saddles  of  the  strata. 

In  California  asphalt  in  very  pure  condition  occurs  in  the  form  of 
dikes,  filling  great  fissures  in  Miocene  sandstone  of  the  Coast  Range. 
It  is  probable  that  its  source  is  a  bituminous  or  petroliferous  underly- 
ing shale.  Crust  movements  produced  fissures,  and  pressure  squeezed  the 
liquid  matter  in  a  pure  form  into  the  open  fissures,  where  it  concreted 
as  asphalt.  The  same  phenomenon  is  observed  in  West  Virginia  and  in 
Bulgaria. 

Origin  of  Petroleum  and  Bitiomen. 

We  have  seen  that  the  whole  petroleum  and  bitumen  series  may  be 
made  artificially  by  destructive  distillation  of  coal.  There  seems  also 
to  be  little  doubt  that  certain  organic  matters  at  ordinary  temperature, 
in  presence  of  abundant  moisture,  and  out  of  contact  of  air,  will  un- 
dergo a  species  of  decomposition  or  fermentation  by  which  an  oily  or 
tarry  substance,  similar  to  bitumen,  is  formed.  In  the  interior  of  heaps 
of  vegetable  substance  such  bituminous  matter  is  often  found. 

There  are  therefore  two  general  theories  of  the  origin  of  petroleum  : 
one,  that  it  is  produced  by  the  distillation  at  high  temperature  of  bitu- 
minous coal  by  volcanic  heat,  the  coal  being  left  as  anthracite ;  the 
other,  that  it  is  formed  at  ordinary  temperature  by  a  peculiar  decompo- 
sition of  certain  organic  matters.  The  evidence  in  favor  of  the  first 
view  is  the  similarity  between  the  artificial  and  the  natural  series;  the 
objection  to  it  is  that  the  occurrence  of  petroleum  seems  to  have  no 
necessary  connection  with  the  occurrence  below  of  coal-seams,  and  also 
that  petroleum  is  found  mostly  in  strata  which  have  not  been  subjected 
to  any  considerable  heat. 

The  argument  for  the  other  view  is  the  fact  that  we  actually  find 
fossil  cavities  in  solid  limestone  containing  bitumen,  evidently  formed 
by  decomposition  of  the  animal  matter.  So,  also,  shales  have  been 
found  in  Scotland  filled  with  fishes,  which  have  changed  into  bitumen. 

The  most  probable  view  seems  to  be  that  both  coal  and  petroleum 
are  formed  from  organic  matter,  but  of  different  kinds  and  under 
slightly  different  conditions — that  coal  is  formed  from  terrestrial  vas- 
cular plants,  in  the  presence  of  fresh  toater,  while  bitumen  and  petro- 
leum are  formed  from  more  perishable  cellular  plants  and  microscopic 
animals,  in  the  presence  of  salt-tvater.  We  have  already  noticed  the 
frequent  association  of  petroleum  and  salt.  It  is  not  improbable  that 
ooze  highly  charged  with  organic  matter,  especially  foraminifers  and 
diatoms,  under  favorable  conditions  will  form  a  bituminous  shale  such 
as  seems  to  be  the  usual  source  of  all  these  products.* 

*  The  chemist  Mendeljoff  hns  revived  the  theorv  of  the  mineral  origin  of  petroleum. 
According  to  him,  it  is  probably  made  by  reaction  at  high  temperatures  of  vapor  of  water 
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According  to  this  view,  taking  the  composition  of  petroleum  as 
C!^IIg^-)-g,  the  reaction  by  which  it  is  formed  from  vegetable  matter  is 
expressed  in  the  following : 

Cellulose  CaoHooOao 


Subtract 


And  there  remains  CisHse  =  petroleum. 

Origin  of  Varieties. — However  formed,  there  can  be  no  doubt  that 
the  dilferent  varieties  of  this  series  are  formed  from  one  another  by  a 
subsequent  process.  It  is  certain  that  from  all  varieties  CH4  is  con- 
stantly passing  off,  and  that  the  result  of  this,  together  with  oxidation, 
is  a  slow  consolidation.  By  this  process  light  oil  is  changed  into  heavy 
oil,  heavy  oil  into  bitumen,  and  bitumen  into  asphalt.  Some  of  the 
grandest  fissure-reservoirs  of  oil  have  thus  been  changed  into  solid 
asphalt.  In  the  upper  barren  Coal-measures  of  West  Virginia  there  is 
a  vein  of  asphalt  (Grahamite)  four  feet  thick,  over  3,000  feet  long,  and 
of  unknown  depth.  It  fills  a  great  fissure  which  breaks  through  the 
rocks  nearly  perpendicularly,  and  outcrops  on  the  surface. 

There  are,  therefore,  two  series  of  substances  formed  from  organic 
matter,  viz.,  the  coal  series  and  the  oil  series.  In  each  series  the  pro- 
portion of  carbon  increases  by  subsequent  change  until,  perhaps,  pure 
carbon  may  be  reached.  In  the  coal  series  we  have  fat  coal,  bitumi- 
nous coal,  semi-anthracite,  anthracite,  and,  finally,  graphite.  In  the  oil 
series  we  have  light  oil,  heavy  oil,  bitumen,  asphalt,  probably  jet,  and 
possibly,  finally,  diamond:  for  Liebig  has  suggested  that  diamond  is 
most  probably  formed  by  crystallization  of  carbon  from  a  liquid  hydro- 
carbon, in  which  the  proportion  of  carbon  is  constantly  increasing  by 
lossofCH^.* 

Future  of  this  Industry. — The  oil  in  the  United  States  is  practically 
inexhaustible.  The  finding  of  great  reservoirs,  producing  spouting- 
wells,  has  always  been,  and  always  will  be,  very  uncertain,  and  the 
duration  of  their  productiveness  limited;  but  a  moderate  return  for 
industry  and  capital  is  certain  for  an  almost  unlimited  time.  A  large 
portion  of  the  Palaeozoic  basin,  including  an  area  of  about  200,000 
square  miles,  is  underlaid  by  rocks  which  are  more  or  less  oil-bearing. 
The  eastern  portion  of  the  United  States  (unless  we  except  the  borders 
of  the  Caspian  gea  about  Baku)  is  the  great  oil-bearing,  as  it  is  the 
great  coal-bearing,  country  of  the  world.  The  gas  supply  will  probably 
be  much  more  quickly  exhausted. 

(HnO)  on  carbide  of  iron  (FaC).  It  is  hardly  probable  that  geologists  will  accept  this  view. 
Other  forms  of  the  chemical  theory  have  been  more  recently  advanced. 

*  This  view  seems  to  be  confiimed  by  recent  observations  in  South  Africa  and  South 
America.    (Lewis,  Science,  vol.  viii,  p.  345 ;  Derby,  Science,  vol.  ix,  p.  57). 
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Fauna  of  the  Carhoniferous  Aye. 

As  heretofore,  we  will  disregard  tlie  subdivisions,  and  treat  of  the 
fauna  of  the  whole  age,  or  at  least  the  two  periods  sub-Carboniferous 
and  Carboniferous,  together.    It  must  be  borne  in  mind,  however,  that 
most  of  the  lower  marine  animals  mentioned  are  from  the  sub-Carbon- 
iferous, while  most  of  the  fresh-water  and  land 
animals   are  from  the  Coal-measures.    We  can 
notice  only  what  important  families  are  going  out, 
what  important  families  are  coming  in,  and  a  few 
which  are  vei-y  characteristic.   We  shall  dwell  only 
on  what  bears  on  the  progress  of  life. 

Among  rhizopods  Fusulina  (Fig.  524)  is  very 
Pig.  524.— Piisuiina  cyiin-  abundant  and  characteristic  of  certain  limestones 

drica,  magnifled. 


Pig.  525. 


Fio.  527. 


(after  Hall);  b,  porlion  of  frond,  enlarged  to  show  structure. 

and  shales  of  this  age  in  the  Mississippi  Valley  and  westward  to  the 
Pacific  coast. 

Among  corals   the  same  general  characteristic  Palisozoic  type 
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(Quadripartita)  continues  to  prevail,  though  in  greatly-dirainished 
variety  of  families ;  for  the  Favositida3  and  Halysitida3  have  passed 
away,  and  only  the  Cyathophylloids,  or  cup-corals,  remain.    The  most 


Fio.  532 


Fig.  534. 


FiQ.  533. 


Figs.  528-.534. — Echinoderms  op  the  CAUBONiPEitnus  kr-r.—Blastoids:  528.  Penlremites  Bnrling- 
toniensis  (after  Meek).  .529.  Poiitremiteg  (rracilis  (after  Meek).  .530.  Pentreraitei?  cerviniis  (iificr 
Hall).  531.  Pentremites  pyriformis  (after  Hall).  531a.  Pentremite  restored  (after  Ltitkeii). 
Cniiids:  5.32.  Batocrinns  Clirystii  (after  Meek).  533.  Scaphiocrinus  scalaris  (after  Meek).  .5.34. 
Forbesiocrinus  Wortheni  (after  Meek). 

beautiful  and  characteristic  are  the  Columnar  Lithostrotion  (Fig.  525), 
a  polyp-coral,  and  the  curious  corkscrew-like  Archimedes  (Fig.  527),  a 
Bryozoan. 

Among  C'rinoids,  the  Cystids  no  longer  exist,  for  they  passed  out 
with  the  Silurian,  but  the  Blastoids  and  Crinids  (Fig.  528-535) 
increase  in  number  and  beauty.  Also  among  free  Echinoderms  the 
Asteroids  (Fig.  538)  are  more  abundant,  and  Echinoids  (Figs.  536  and 
537),  introduced  in  small  numbers  in  the  Devonian,  are  more  nu- 
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Fig.  535. 


Fig.  530. 


Fig.  537  a. 


Fig.  o3a. 


Pig.  537  6. 


Figs.  .535-538. — Echinoderms  op  the  Cahboniperous  Age  -  Crinid:  .535.  Zeacrinns  elegans  (after 
Hall).  Echinoids  and  Asteroids:  536.  Oligoponis  nobilie,  x  J  (after  Meek).  5,37.  n,  Arctiieoci- 
daris  Wortheni  (after  Hall);  b,  Spine  of  same,  natural  size.   538.  Onychaster  flexilis  (after  Meek). 

merous  here.  Fig.  539  represents  the  (distribution  of  these  or(3ers  in 
time. 

PALAEOZ  O  to 


tilurian 


Devon'i      Carlo  nir 


NEOZOIC 


STEM  M  EO 


Fig.  5.39. — Diagram  showing  General  distribution  of  Rrhinodcmis  in  Time:  Shaded  portion, 

stemmed;  unshaded,  free. 

Among  Brachiopods,  tlio  straight-hinged  or  sqnare-shouldered  kinds 
continue,  but  pass  out  almost  wholly  with  this  age. 
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Fig.  511. 


Fig.  543. 


Fig.  542. 

FtGS.  540-543. — Carboniferous!  Brachiopods:  540.  Spirifer  plemis  (after  Hall);  a,  dorsal  view;  b, 
side  view.  541.  Choneles  Daliuaniana.  ,542.  Productus  punctatus  (after  Meek).  543.  Productus 
mesialis  (after  Hall);  a,  ventral  view;  b,  side  view. 

Land  and  fresh-water  shells  (Figs.  544-548)  begin  to  appear  first 
in  the  Coal-measures.  The  genus  Pupa,  a  land  air-breathing  gastero- 
pod,  and  the  genus  Ct/clas,  a  fresh-water  bivalve,  and  the  genus  Cy2}ris, 


Fio.  545. 


Fig.  547. 


Pio.  .544. 


Fig.  546.  .  Flo.  548. 

Fios.  r)44-54«.— OARBomFEuoiis  Land  and  FRBaii-WATRR  Siiklt.s:  .')44.  Puna  votiisfa  (after  Paw- 
^^^'^Tt'*  -  ^^''J'=  <7.  niitiiral  size:  b.  enlarged.  545.  Cypris  (after  nawsoii):  a.  natural  size 
Ohio^yis  ('ifTe^  Whitnl"d)'""'^  Bradley).   548.  Anthracopupa 
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a  little  crustacean  bivalve,  all  of  which  are  still  represented  by  living 
species,  are  found.  It  would  seem  that  evolution-changes,  both  pro- 
gressive and  dilierential,  are 
more  slow  in  fresh- water 
forms  (White). 

Of  course,  marine  spe- 
cies, both  Lamellibranchs 
and  Gasteropods,  are  abun- 
dant. Some  figures  of  these 
are  given  below. 

Among  Cephdlopods,  Or- 
thoceratites   still  continue 


VlG.  550. 


Fig.  551. 


Fk3S.  540-552.— CAnBONiFBUous  Lamellibranchs  (after  Meek);  .549.  Solenomya  aiiodontoideg. 
550.  AUorisma  ventricosa.   551.  Allorisma  plenropistha.   552.  Astartella  Newberryi. 

but  in  diminished  number,  variety,  and  size.  Goniatites,  introduced 
in  the  Devonian,  or  even  earlier  in  Europe,  also  continue,  but  both 


Fig.  5.53. 


Fig.  554. 


Fig.  556. 


Fig.  ."jSS. 


FifiS.  5.53-.556.— Caubonifeuoits  Gasteropods  (after  Meek'):  5.5.3.  Macrocheilus  Newberryi.  .^54. 
Pleurotomaria  scitiila.   .5.55.  Eiiomphnlus  siibqiiadratus.   556.  Bellerophon  sublavis  (after  Hall). 

may  be  said  to  pass  out  with  this  age,  although  a  few  seem  to  pass  into 
the  Lower  Triassic. 

TriloMtes  and  Eurypterids  also  continue  ready  to  disappear  at  tlie 
end,  but  an  advance  in  the  Crustacean  class  is  observed  in  the  intro- 
duction here  of  Lwiuloids  (king-crabs).  Fig.  559,  and  of  Macrouratis 
— long-tailed  Crustaceans  (lobsters,  crawfish,  shrimps,  etc.),  Figs.  562 
and  563.  Here,  then,  we  have  two  important  steps  in  the  progress  of 
life.  The  gradual  process  of  chaiUge  may  be  clearly  traced  in  the  one, 
but  not  yet  in  the  other.  Although  Limuloids  are  clearly  differentiated 
first  in  the  Carboniferous,  yet  transition  forms  may  be  traced  even  to 
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Fiii.  557. 


Fio.  558. 


FuiS.  557,  558.— CAnBONiPEiious  Goniatite.s:  557.  Gonintites  Lyoni  (after  Meuk);  a,  side  view;  b, 
end  view.   558.  (joniiititcs  cronistria  (European^;  a,  side  view;  b,  end  view. 

the  Upper  Silurian.  If,  with  Packard,  we  divide  Crustaceans  into 
two  groups — Palseo-carida  and  Neo-carida  (old  style  and  new  style 
Crustaceans) — then  Trilobites,  Eurypterids,  and  Limuloids,  belong  to 


Fio.  .561. 


Fig.  5C2. 


Fio.  563. 


Flos.  .5,5!) -.568.— CAnBONiFRnons  Crustaceans:  .55!)  Eiinrnnns  nnnir.  tnttot-  „  j  t,- 

.560.  PI,  llipsia  Lodiensi.  (after  Meek).    501.  AcannSn  Stim 

anUonhen)"'  ^"""^^  ''''''  and  Worthen).   503.  Authra%i;,^'on"gradl^(;/t;'J 'j'i^^i^ 
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the  Palseo-carida.  That  those  were  all  derived  from  the  Trilobite  is 
ahowu  by  the  trausitiou  forms  5G4  a  and  h,  which  must  be  compared 
with  ligures  of  Trilobites  and  Limulus  previously  given.  As  already 
seen  (p.  337),  the  same  view  is  conflrmed  by  embryology.  The  genesis 
of  the  Neo-carida  we  do  not  know.  They  certainly  did  not  come  from 
the  Palaso-carida,  but  probably  from  some  early  and  low  form  of 
Crustaceans  like  Hymenocarus  (Fig.  290,  p.  312).  If  so,  then  the 
earliest  pre-Cambrian  Crustacea  separated  into  two  branches,  (1)  the 
Trilobites  and  (2)  the  Phyllocarids,  both  of  which  are  found  in  the 


a  b 


Pro.  564.— a,  Palseoniscus  acnleatus  (after  Nieskowski):  a  Eurypterid  from  Upper  Silurian,   b,  Ne- 
olimuliis  falcatiis  (after  Woodward):  a  Limuloid  from  Upper  Silurian. 

Cambrian.  The  Trilobites  developed  into  Eurypterids  and  Limuloids, 
while  the  Phyllocarids  barely  held  their  own  until  the  Trilobites  had 
exhausted  their  vitality  and  were  about,  to  disappear,  and  then  they 
developed  into  the  Neo-carida  or  modern  Crustacea  (Walcott). 

Insects  now,  for  the  first  time,  appear  in  considerable  numbers  and 
variety.  As  might  be  expected,  these  are  associated  with  the  abundant 
land  vegetation  of  the  Coal.  Many  of  the  principal  orders  are  here 
represented,  viz.,  Dragon-flies  (Neuropters),  Figs.  568  and  571 ;  grass- 
hoppers and  cockroaches  (Orthopters),  Fig.  567 ;  spiders  and  scor- 
pions (Arachnids),  Figs.  565  and  566;  and  centipeds  (Myriapods), 
Figs.  570  and  570  a.  It  is  noteworthy,  however,  that  the  three  highest 
orders,  viz.,  the  butterflies  (Lepidopters),  the  social  insects,  such  as 
bees,  ants,  etc.  (Hymenopters),  and  the  flies  (Dipters),  are  still  want- 
ing. These  are  not  only  the  highest  but  also  the  flower-loving,  honey- 
sucking  orders.  True  flowering  plants  (Angiosperms)  did  not  yet 
exist.  Beauty  and  fragrance  and  sweetness  were  not  yet  characteristic 
of  the  reproduction  of  plants. 

Recently  immense  numbers  of  Carboniferous  insects  have  been 
found  at  Commentry  and  described  by  Brogniart.  Among  these  arc 
the  largest  insects  known.  One — a  phasma  (Fig.  571) — was  about  a 
foot  long  and  twenty-six  or  twenty-eight  inches  across  the  extended 
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ncrs.  As  already  said  (p.  347),  all  the  PakTozoic  hexapod  insects 
belong  to  one  order— the  Palm-dklyopKim.  of  Scudder— a  generalized 
type,  connecting  the  three  lower  orders— Neuropters,  Orthopters,  and 
Hemipters— of  existing  insects;  some  approaching  one  and  some 
another  of  these  now  widely  separated  orders. 


Pro.  567. 


Pia.  5G9. 


Fig.  570. 


Fid. 


Fioa.  56l5-!5Tl.—CAT!BONiFBnous  Insects:  565.  Eoscorpiius  cnrbonnrins  (after  Mook  and  Worllipn). 
.566.  AnthrolycoBa  antiqiia  (after  Boucher).  .567.  Blatta  Uplvetica,  x  J.  rcslorerl  (after  HeiT). 
.508.  Miamia  Danre  (after  Seudderl.  569.  Eiiphoberia  arnii;,'('ra  (after  Meek  and  Worlhen]. 
.570.  Zylobins  sicillnriie  (after  Dawson),  a,  Anterior  portion  enlarged.  571.  Corydoloides  Scud- 
deri,  x  J  (after  Brogniart). 
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In  Paleozoic  insects,  according  to  Brogniart,  vvc  iiave  the  follow- 
ing generalized  characters:  1.  The  three  joints  of  the  thorax  were 
not  yet  consolidated.  2.  There  were  three  pairs  of  wings  correspond- 
ing to  the  three  pairs  of  legs,  the  anterior  pair  being  small,  almost 
rudimentary.  3.  The  pairs  of  wings  were  all  alike  diaphanous,  the 
anterior  pair  being  afterward  hardened  in  many  kinds,  as  in  grass- 
hoppers and  beetles.  4.  Tracheo-branchiee  were  present  on  the  sides 
of  the  abdomen.* 

Vertebrates  (Fishes). — The  great  Ganoids  and  Elasmobranchs  con- 
tinue in  undiminished  or  even  increased  numbers,  size,  and  variety. 
They  are  still  the  rulers  of  the  seas.  Of  Elasmobranchs,  one  has  been 
found  with  dorsal  spine  eighteen  inches  long,  another  with  spine  three 
inches  broad  and  nine  and  a  half  inches  long,  although  much  of  the 
point  is  broken  off.  Tiieir  teeth,  too,  are  beginning  to  assume  more 
of  the  character  of  true  shark's-teeth.  They  are  no  longer  wholly 
Oestracionts  (Pig.  575),  but  also  now  Hijbodonts,  having  teeth  some- 
what like  modern  sharks,  but  rounded  on  the  edges  (Figs.  576  and 
577).  In  Fig.  578  we  give  a  restoration  by  Sauvage  of  an  early  gener- 
alized form  of  shark.  Among  Ganoids,  the  well-protected  but  slug- 
gishly-moving Placoderms  have  passed  away,  but  the  Sauroids  continue 
in  increased  numbers  and  size.  Bony,  enameled  scales  of  the  Mega- 
lichthys  and  Holoptychius  are  found,  two  to  three  inches  across ;  and 
jaws  of  the  Holoptychius,  a  foot  or  more  long,  armed  with  Saurian 
teeth,  two  inches  in  length  (Fig.  580).  Also,  as  we  approach  the  time 
for  the  appearance  of  Reptiles,  some  of  these  Sauroid  fishes  seem  to 


Pig.  574. 

Puis.  572-574 —CAiinoNiFBnotts  Ym\v.»— Elasmobranchs :  572.  Edestes  minor  (after  Newberry). 
.57.3.  Pleuracanthus— a  Shark  (after  Nicholson).   574.  Gyracanthus  (after  Nicholson). 


*  Bull.  Soc.  de  I'industrie  minerale,  vol.  vii,  p.  57o. 


FAUNA  OF  THE  CARBONIFEROUS  AGE.  415 


Fio.  580.  Fio.  579. 


Figs.  575-5R0.— Cakbonipeuous  'Fisnva—Elanmobranchs:  575.  Cochliodns  contortus.  576.  Xena- 
canthiis  Bechenii,  x  J  (after  Cope),  from  the  Coal-measures  of  France.  577.  Orodus  raammilare 
(after  Newberry).  .578.  Cladodus  epinosus  (after  Newberry).  Ganoids:  579.  Amblypterus 
macropteriis.   580.  Tooth  of  Holoptychius  Hibberti,  natural  size. 

become  still  more  reptilian  in  character,  while  others  become  more 
fi-^h-like. 

Amphibians. — The  first  known  appearance  on  the  earth  of  air- 
breathing  or  land  vertebrates  was  in  this  age,  an(3,  as  might  have  been 
expecte(il,  in  the  lowest  form,  viz.,  Amphibuim. 

Amphibians  were  formerly  classed  as  one  of  the  orders  of  Reptiles 
then  as  a  sub-class  ;  but  now  they  are  recognized  as  a  distinct  class  in- 
termediate between  Fishes  and  Reptiles,  and  approaching  more  nearly 
the  former  than  the  latter.    True  Reptiles  are  not  certainly  known  to 
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be  represented  in  the  Carboniferous.  Amphibians  are  divided  into 
four  orders,  viz.:  1.  Tailless  Amphibians  {Anoura),  such  as  frogs, 
toads,  etc. ;  2.  Tailed  Amphibians  (  Urodela),  such  as  tritons,  salaman- 
ders, sirens,  etc. ;  3.  The  rare  snake-like  forms  {Opldomorpha  or  Gym- 
nophiona);  and  4.  LabyriulhoduiUs.  Of  these,  only  the  Labyriutho- 
donts  were  represented  in  the  Carboniferous.  The  other  three  orders 
still  exist,  but  the  last  has  been  long  extinct.  The  Labyrinthodonts 
were  very  large,  often  gigantic  reptiles.  They  Avere  most  of  them 
salamandriform,  with  long  tails,  weak  limbs,  and  sluggish  movement. 
Some  were  pisciform,  and  had  paddles  instead  of  feet. 

We  can  only  briefly  describe  a  few  representatives  of  the  class,  and 
draw  some  conclusions. 

1.  AmpMbian  Footprints. — In  the  sub-Carboniferous  of  Pennsyl- 
vania, near  Pottsville,  have  been  found  tracks  of  a  four-footed,  crawling 
animal  {Sauroptis  primmvus)^  having  thick,  fleshy  feet  about  four  inches 
long,  and  making  a  stride  of  about  thirteen  inches.   The  impression  of 


Fio.  581.— Fossil  Rain-prints  of  the  Coal  Period. 


a  dragging  tail  is  also  visible.  The  surface  of  the  slab  on  which  the 
tracks  are  found  is  marked  with  distinct  ripple-bars  and  rain-prints. 
"  We  thus  learn,"  says  Dana,  "  that  there  existed  in  the  region  about 
Pottsville,  at  that  time,  a  mud-flat  on  the  border  of  a  body  of  water; 
that  the  flat  was  swept  by  wavelets,  leaving  ripple-marks ;  that  the  rip- 
ples were  still  fresh  when  a  large  amphibian  walked  across  the  place; 
that  a  brief  shower  of  rain  followed,  dotting  with  its  drops  the  half- 
dried  mud;  that  the  waters  again  flowed  over  the  flat,  making  now 
deposits  of  detritus,  and  so  buried  the  records."  This  is  the  earliest 
loio'wn  land-vertehratc. 

Similar  tracks  have  also  been  found  in  the  Coal-measures  of  Penn- 
sylvania, on  a  slab  affected  with  snn-cracks  (Fig.  582).  The  reptile  had 
evidently  walked  on  the  cracked  and  half-dried  mud  at  low  tide. 
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Tracks  have  also  been  found  in  the  Coal-measures  of  Illinois,  Indiana, 
Kansas,  and  Nova  Scotia,  and  in  the  latter  region  beautiful  specimens 


Fio.  582.— Slab  of  Sandstone  with  Amphibian  Footprints,  from  Coal-measures  of 

Pennsylvania,  x  J. 

of  rain-prints  (Fig.  581).  In  Fig.  583  we  give  also  foot-prints  found 
in  the  coal-measures  of  Kansas. 

There  can  be  little  doubt  that  the  reptiles  making  the  tracks  men- 
tioned above  were  Labyrinthodonts. 


a 


28 
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2.  Dendrerpeton. — In  the  Coal-measures  of  Nova  Scotia  have  been 
found  quite  a  number  of  small  amphibians,  belonging  to  several  genera. 
Among  these  one  is  especially  interesting,  on  account  of  the  conditions 
under  which  it  seems  to  have  been  preserved.  It  is  called  the  Den- 
drerpeton— tree-reptile  (Fig.  584),  because  it  was  found  by  Dawson  and 
Lyell  in  sand-stone,  filling  the  hollow  stump  of  a  Sigillaria  (Fig.  585), 
along  with  another  small  species  of  amphibian,  a  number  of  land-shells 
—pupa,  etc.  (Fig.  544,  p.  409),  and  a  myriapod  (Fig.  570,  p.  413).  The 
Sigillaria  possessed  a  thick,  strong  bark,  which  was  more  resistant  of  de- 
composition than  the  cellular  interior.  Stumps  of  these  trees  are  often 
found,  consisting  only  of  coaly  bark  filled  with  sandstone,  evidently  de- 


FiQ.  584. — Jaw  of  Dendrerpeton  Acadeauum,  and  Section  of 
Tooth,  enlarged  (after  Dawson). 


Fig.  585.— Section  of  Hollow  Sigil- 
laria Stunip.  filled  with  Sand- 
stone (after  Dawson). 


posited  within  the  hollow.  These  sands  are  rich  repositories  of  organic 
remains.  We  can  easily  imagine  the  circumstances  under  which  the 
Dendrerpeton  was  preserved.  A  dead  Sigillaria  tree,  rotted  to  the  base 
and  only  its  hollow  stump  remaining,  stood  on  the  margin  of  a  coal- 
swamp  ;  river-floods  filled  the  stump  with  sand  ;  in  the  stump  lived  and 
perished  a  Dendrerpeton  ;  or  else,  more  probably,  the  dead  body  of  the 
I'eptile,  together  with  shells  and  other  oi'ganic  remains,  was  floated  into 
the  hollow  stump  and  buried  there.  This  amphibian  was  probably  a 
Labyrinthodont,  but  with  strong  alliances  with  true  reptiles,  especially 
Lacertians. 

3.  Archegosaurus  {Primordial  Saurian). — In  the  Bavarian  Coal- 
measures  has  been  found  the  almost  perfect  skeleton  of  an  animal  about 
three  and  a  half  feet  long,  which  combines  in  a  remarkable  degree  the 
characters  of  Amphiiians  with  those  of  Ganoid  Fishes.  It  seems  to 
have  been  a  Labyrinthodont  Amphibian,  with  general  form  and  struct- 
ure adapted  for  a  purely  aquatic  life.  It  had,  certainly  in  the  early 
stages  of  its  life,  probably  throughout  life,  both  gills  and  lungs,  and 
therefore,  like  all  the  Amphibians  of  the  preseiit  day  at  this  stage,  or 
like  Perennibranchiate  Amphibians  throughout  life,  breathed  both  air 
and  water.  The  locomotive  organs  were  paddles,  adapted  for  swim- 
ming, not  for  walking.  The  body  was  covered  with  imbricated  ganoid 
scales  (Fig.  586,  A),  and.  the  head  with  ganoid  plates.  The  structure 
of  the  teeth  {B)  was  also  ganoid.  The  bodies  of  the  vertebra?  were 
not  ossified  nor  even  cartilaginous,  but  retained  the  early  embryonic, 
fibrous  condition  of  a  notochord.    It  was  apparently  a  connecting  link 
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between  the  lowest  Perennibranchiate  Amphibians  and  the  Sauroid 
Fishes  (Owen),  with,  perhaps,  some  alliances  with  the  marine  Saurians 


Fio.  OHG.— Archegosaurus, 


which  afterward  appeared.  It  was  so  distinct  from  other  Labyrintho- 
donts  that  Prof.  Owen  puts  it  in  a  distinct  order  which  he  calls  Gano- 
cepliala.  The  skeleton  of  this  animal  is  given  above  (Fig.  586)  with 
the  limbs  (C  and  D)  and  jaw  (^)  of  a  Proteus — a  perennibranchiate 
amphibian — for  comparison. 

4.  Eosaurus. — In  the  Coal-measures  of  Nova  Scotia,  in  1861,  Prof. 
Marsh  found  the  vertebrse  of  what  he  thinks,  with  some  reason,  was  a 
marine  Saurian  ;  an  order  which  is  largely  developed  in  the  Mesozoic. 
If  so,  it  would  be  the  earliest  known  reptile.  But  as  only  the  bodies 
of  a  few  vertebrae  have  been  found,  and  as  the  bi-concavity  of  these  is 
the  chief  evidence  of  marine  Saurian  affinity  and  as  bi-concavity  also 
exists  among  Laby- 
rinthodonts,  Huxley 
believes  this  was  also 
a  Labyrinthodont. 
There  is,  however, 
still  some  doubt  as 
to  the  true  affinity 
of  this  animal.  The 
size  of  some  of  the 
vertebrae  was  two 
and  a  half  inches  in 
diameter,  indicating 
an  animal  of  gigan- 
tic dimensions. 

Many  other  gen- 
era have  been  described  by  authors  both  in  Europe  and  America. 
Among  these,  Baphetes,  Raniceps,  Hylerpeton,  Hylonomus,  and  Am- 
phibamus  from  America,  and  Anthracosaurus,  Ophiderpeton,  and  Apa- 
teon  from  Europe,  are  best  known.  The  Baphetes  and  the  Anthra- 
cosaurus attained  gigantic  size. 

Very  recently  a  large  number  (thirty-four  species  referable  to  seven- 
teen genera)  of  small  Amphibians  have  been  brought  to  light  by  the 


Fig.  587.— Two  Vertebrae  of  Eosaurus  Acadianus  (after  Marsh). 
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Ohio  Survey,  and  described  by  Cope.  These  are  all,  or  nearly  all,  Laby- 
rinthodonts  {Stegocephali,  Cope).    Some  of  them  have  the  usual  broad 

heads  of  Am- 
phibians, but  a 
large  number 
are  remarkable 
for  their  long, 
limbless,  snake- 
like forms  and 
pointed  heads. 
These  are  evi- 
dently among 
the  lowest  forms 
of  Amphibians, 
and  have  strong 
affinities  also 
with  Ganoid 

fishes.     Figs.  588  and  589  represent  two  of  the  Ohio  Amphibians. 

Some  General  Observations  on  the  Earliest  Land  Vertebrates.— With 
the  possible  exception  of  the  Eosaurus,  all  the  air-breathing  vertebrates 
of  the  Carboniferous  were  Labyrinthodonts.  They  are  so  called  on 
account  of  the  extraordinary  labyrinthine  structure  of  their  teeth,  pro- 
duced by  the  intricate  infolding 
of  the  surface  and  of  the  cavity. 
The  same  structure  is  observed 
in  Ganoid  teeth,  but  in  a  far 


Fio.  588.— Ptyonius  (after  Cope). 


Fig.  589.— Tuditanus  radiatns,  x  }  (after  Cope).      Fio.  590.— Section  of  Tooth  of  a  Labyrintliodont, 

less  degree.  The  simple  iufoldings  of  Ganoids  (Fig.  453,  p.  355)  be- 
come intricate  in  Labyrinthodonts  (Fig.  590). 

The  Labyrinthodonts  were  probably  the  most  complete  example  of 
a  connecting  type  which  has  yet  been  discovered.  First,  they  were 
true  Amphibians  in  the  strictest  sense,  having  all  of  them  in  the  early 
stages  of  their  life— some  throughout  life— both  lungs  and  gills,  and 
thus  connecting  water-breathers  with  air-breathevs.    Again,  they  were 
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very  flifferent  from  the  slimy-skinned  Amphibians  of  the  present  day, 
in  being  covered,  at  least  partly,  with  bony  plates  or  scales  over  the 
body,  and  with  closely-fitting  bony  plates  over  the  head.  Again,  they 
differed  wholly  from  the  present  Amphibians  in  having  jaws  thoroughly 
armed  with  very  large  and  powerful  teetli,  the  structure  of  which  is 
labyrinthine.  All  of  these  characters  connected  them  with  Sauroid 
fishes  which  preceded  them,  and  the  great  Saurian  reptiles  which  suc- 
ceeded them.  Finally,  they  seemed  to  possess  also  characters  connect- 
ing them  with  several  orders  of  subsequently-existing  reptiles.  In  the 
Labyrinthodonts  and  Sauroid  fishes  we  can  almost  find  the  point  of 
separation  of  the  two  great  branches,  Amphibian  and  Tish,  of  the  ver- 
tebrate stem  ;  and  in  the  former  the  commencing  differentiation  of  the 
several  orders  of  Reptiles.  All  the  earliest  Amphibians  had  persistent 
notochord  (Cope). 

Some  General  Observations  on  the  Whole  Palaeozoic. 

We  have  defined  geology  as  the  history  of  the  evolution  of  the 
earth.  Evohition,  therefore,  is  the  central  idea  of  geology.  It  is  this 
idea  alone  which  makes  geology  a  distinct  science.  This  is  the  cohe- 
sive principle  which  unites  and  gives  significance  to  all  the  scattered 
facts  of  geology — which  cements  what  would  otherwise  be  a  mere  inco- 
herent pile  of  rubbish  into  a  solid  and  symmetrical  edifice.  It  seems 
appropriate,  therefore,  that  at  the  end  of  the  long  and  eventful  Palaeo- 
zoic era  we  should  glance  backward  and  briefly  recapitulate  the  evi- 
dences of  progressive  change  (evolution),  physical,  chemical,  and  vital. 

Physical  Changes. — The  Palseozoic  era  opened  on  this  continent 
with  a  V-shaped  mass  of  land  —the  Archaean  area — to  the  north  ;  also, 
a  land-mass  of  Archaean  rocks,  of  unknown  shape  and  extent,  on  the 
eastern  border,  and  probably  some  islands  and  masses  of  larger  extent 
in  the  Basin  and  Rocky  Mountain  regions.  This  condition  of  things  is 
represented  on  the  map  on  page  303.  Throughout  the  Pala30zoic  era 
tiiere  was  an  accretion  of  land  to  this  nucleus  by  upheaval  of  con- 
tigiious  sea-bottoms ;  a  development  of  the  continent  southward  (and 
perhaps  northward)  from  the  northern  area,  and  both  eastward  and 
westward  from  the  eastern  border  area,  until  at  the  end  of  the  Palteo- 
zoic  the  eastern  half  of  the  continent  included  certainly  all  the  Arch- 
sean,  Silurian,  Devonian,  and  Carboniferous  areas  shown  on  the  map 
on  page  302,  and  probably  also  some  on  the  eastern  border  of  the  eastern 
Archaean  area,  which  was  subsequently  covered  by  the  sea,  and  is  there- 
fore now  concealed  by  more  recent  deposits.  The  loss  of  Palseozoic 
land  on  the  eastern  border  probably  took  place  during  the  Appalachian 
revolution.  In  the  Rocky  Mountain  region  the  development  was  prob- 
ably less  steady.  Unconformity  of  Carboniferous  on  Silurian  strata 
shows  extensive  land  areas  there  during  Devonian  times.    Thus  it  is 
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seen  that  the  continent  was  ah-eady  sketched  in  the  beginning  of  the 
Palteozoic,  and  the  process  of  development  went  enduring  that  era, so 
that  at  the  end  the  outlines  of  the  continent  were  already  unmistak- 
able.   We  shall  trace  the  further  development  hereafter. 

Chemical  Changes.— P  regressive  changes  in  chemical  conditions  are 
no  less  evident.  At  first— i.  e.,  before  the  Archaean  era— before  the 
existence  of  life  on  the  earth — the  atmosphere,  as  shown  by  Hunt,*  was 
loaded  with  carbonic  acid,  representing  all  the  carbon  and  carbonates 
in  the  world  ;  with  sulphuric  acid  representing  all  the  sulphur  and  sul- 
phates; with  hydrochloric  acid  representing  all  the  chlorides  ;  and  with 
aqueous  vapor  representing  all  the  tvater  on  the  earth.  Of  course,  such 
a  condition  rendered  life  impossible.  From  this  primeval  atmosphere, 
by  cooling,  the  strong  acids  were  first  precipitated  with  the  water;  and 
afterward  more  slowly  the  carbonic  acid,  by  the  action  of  this  acid 
upon  the  primeval  silicates,  with  the  formation  of  carbonates,  espe- 
cially limestone.  All  limestones,  therefore,  represent  so  much  carbonic 
acid,  withdrawn  from  the  air.  This  withdrawal  proceeded,  through  the 
whole  Archaean,  Cambrian,  Silurian,  and  Devonian.  During  the  Car- 
boniferous, the  purification  of  the  air  was  accelerated  by  the  growth  of 
vegetation  and  its  preservation  as  coal,  as  already  explained,  pages  370 
and  397.  In  this  method  of  withdrawal  the  oxygen  of  the  carbonic 
acid  is  returned,  and  the  air  becomes  more  oxygenated. 

Progressive  Change  in  Organisms. — Corresponding  with  these 
changes,  physical  and  chemical,  it  is  natural  to  expect  changes  in  spe- 
cies, genera,  families,  etc.,  of  organisms :  and  such  we  find.  The  law 
of  continuance  or  geological  range  of  species,  genera,  families,  orders,  is 
very  similar  to  that  of  extent  or  geographical  range  ot  the  same  groups; 
i.  e.,  the  laws  of  distribution  in  time  are  similar  to  those  of  distribution 
in  space.  The  period  of  continuance  (range  in  time)  of  species  is,  of 
course,  less  than  that  of  genera  (because  the  genus  is  continued  in  other 
species  of  the  same  genus),  and  that  of  genera  less  than  that  of  fami- 
lies, etc.  According  to  Prof.  Hall,  there  have  been  in  the  Silurian  and 
Devonian  ages  alone  at  least  thirty  almost  complete  changes  of  species. 
The  changes  of  genera  are,  of  course,  much  less  numerous,  and  those 
of  families  still  less  than  those  of  genera.  These  general  laws  may  be 
illustrated  by  any  Paleozoic  order;  but  I  select  the  order  of  Trilobites, 
because  they  are  very  numerous,  very  diversified,  and  well  studied,  and 
because  they  came  in  with 'the  Palteozoic,  continued  throughout  the 
whole  era,  and  then  passed  away  for  ever. 

The  diagram  (Fig.  591)  illustrates  these  laws  in  the  order  of  Trilo- 
bites. It  is  seen  that  this  order  continues  through  the  whole  era, 
commencing  in  small  numbers,  reaching  its  highest  development  in 


*  Geological  Essays,  p.  40  cl  scq. 
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the  Lower  Silurian,  and  declining  to  the  end.  But  ihQ  families  are 
changed  several  times.  Six  groups  are  given,  to  show  how  they  come 
and  go  successively.  If  we  should  attempt  the  distribution  of  genera, 
the  changes  would  be  much  more  numerous,  and  of  species  still  more 


1.  Paradoxides.. 


2.  BathyuruB,  Agnos-  I 
tus,  etc   f 


3.  Asapluis,  Eemo- 

pleurides,  Tri- 
niicleus,  etc  

4.  Calymene,  Acidas- 1 

pis,  etc  f 

5.  Homalonotiis,  Li- ) 

clias,  etc  ) 

6.  Piiillipsia,  Griffith- ) 

ides  j 

7.  Distribution  of 

species  of  Caly- 
mene, etc  


Fig.  591.— Diagram  illustrating  Distribution  of  Families,  etc.,  in  Time. 


so.  In  the  lower  portion  of  the  diagram  we  have  attempted  to  show  in 
a  very  general  way  how  the  distribution  of  species  of  Calymene  and 
Acidaspis  might  be  represented. 

General  Comparison  of  the  Fauna  of  Palaeozoic  with  that  of  Neozoic 
Times. — The  changes  above  explained  were  gradual ;  but  at  the  end  of 
the  PalEeozoic  there  occurred  a  more  rapid  and  revolutionary  change, 
and  the  greatest  which  has  ever  occurred  in  the  history  of  the  organic 
kingdom.  As  human  history  is  primarily  divided  into  Ancient  and 
Modern,  so  the  whole  history  of  the  earth  may  be  properly  divided  into 
PalcBOzoic  and  Neozoic  times.  We  wish  to  contrast  broadly  the  faunas 
of  these  two  great  divisions  of  time.  In  the  diagram  on  next  page, 
the  vertical  line  represents  the  dividing  line  between  the  old  and  the 
neiv  time-world.  In  this  country  it  is  appropriately  called  the  Appa- 
lachian revolution.  On  the  left  is  the  PaljBOzoic,  on  the  right  the 
Neozoic.  When  families  or  orders  of  animals  are  placed  on  one  or  the 
other  side  without  mark,  it  means  that  they  are  the  only  kind  of  the 
contrasted  families  found  on  that  side,  or  nearly  so.    If  the  orders  or 
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families  so  placed  are  marked  with  the  sign  +,  it  means  that  they  are 
the  predominant  kinds ;  if  -] — |-,  greatly  so.    For  example,  among  Ce- 


Palajozoic  times. 


.Neozoic  times. 


Kadi  ATA. 
Corals. 


+  Quadripartita  

+  +  Stemmed,  or  Crinoids.. . , 
+  Armless,  or  simple  arras.  .  . 


 I  .  .Sexpartita  +, 

JichinodernuH. 

 I  .  .Free,  or  Echinoids  and  Asteroids  +  +. 

Crinoids. 

.Plumose  arms. 


MOLLUSKS. 

.  I 

Bivalves. 

 I  . .  Lamellibranchs  +  4- . 

Brachiopods. 

 I  .  .Sloping-shouldered. 

Lamellibranchs. 

 I  .  .Siphonated  +. 

Oasteropods. 

 I  . .  Land,  fresh-water,  and  marine. 

Marine. 

Unbeaked — Herbivorous  |  .  .Beaked — Carnivorous  -t-. 

Cephalopods. 

Shelled,  or  Tetrabranchs  |  ..  Naked,  or  Dibranchs  +  +. 

Shelled. 

+  Straight  

Orthoceratites. 

N  a  u  t  i 


+  Brachiopods  

+  Square-shouldered . 

+  Unsiphonated  

Marine  


.Coiled.* 


1 


Goniatites. 


Ceratites. 


Ammonites. 


Palaeocarida . 


Arthropoda. 
I 

Crustacea. 

.Neocarida  +. 


Trilobites. 


Eurypterids. 


Limuloids. 


Macrourans. 


Brachyourans. 


Vertebuata. 
I 

Fishes. 


Heteroccrcals  

Ganoids  and  Elasmobranchs . . 

Elasmobranchs, 

Cestracionts. 

Hybodonta  


Homocercals  +. 


.Teleosts  +. 


Squalodonts  4-. 


Rcplil<is. 

Amphibians  |  .  .True  Reptiles  -f-. 


*  Boculites  of  the  Cretaceous  are  an  exception. 
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phalopods,  the  Tetrabranch,  or  shelled  family,  are  the  only  kinds  found 
in  the  Pal£eozoic ;  in  the  Neozoic,  both  families  exist,  but  the  Di- 
branclis  or  naked  ones  vastly  predominate. 

General  Picture  of  Falmzoic  Times. 

Perhaps  it  is  not  inappropriate  to  group  some  of  the  more  impor- 
tant facts  in  a  very  brief  outline-picture  of  Pala3ozoic  times.  We  must 
imagine,  then,  wide  seas  and  lo'w  continents  of  small  extent ;  a  hot, 
moist,  still  air,  loaded  with  carbonic  acid,  stifling  and  unsuited  for  the 
life  of  warm-blooded  animals.  If  an  observer  had  walked  along  these 
early  beaches  he  would  have  found  cast  up,  in  great  numbers,  the  shells 
of  Brachiopods ;  clinging  to  the  rocks  and  hiding  away  among  their 
hollows,  instead  of  sea-urchins  and  star-fishes  and  crabs,  he  would  have 
found  crinoids  and  trilobites.  In  the  open  sea  he  would  have  found  as 
rulers,  instead  of  whales  and  sharks  and  teleosts  and  cuttle-fish,  huge 
cuirassed  Sauroids  and  the  straight-chambered  Orthoceras.  Turning 
to  the  land,  he  would  have  seen  at  first  only  desolation ;  for  there  were 
almost  no  land-plants  until  the  Devonian,  and  almost  no  land-animals 
until  the  Coal.  During  the  Coal  there  were  extensive  marshes,  over- 
grown with  great  trees  of  Sigillaria,  Lepidodendron,  and  Calamites, 
whose  dense  underbrush  of  Ferns,  inhabited  by  insects  and  amphibi- 
ans ;  no  umbrageous  trees,  no  fragrant  flowers  or  luscious  fruits,  no 
birds,  no  mammals.  These  "  dim,  watery  woodlands  "  are  flowerless, 
fruitless,  songless,  voiceless,  except  the  occasional  chirp  of  the  grass- 
hopper. If  the  observer  were  a  naturalist,  he  would  notice  also  the 
complete  absence  of  modern  types  of  plants  and  animals — it  would  be 
like  another  world. 

Appalachian  Revolution. — This  long  dynasty  was  overthrown,  this 
reign  of  Fishes  and  Amphibians  ended,  the  physical  conditions  de- 
scribed above  were  changed,  and  the  whole  fauna  and  flora  destroyed 
or  transmuted  by  the  Appalachian  revolution.  Not  a  single  species  is 
known  to  have  crossed  this  line.  At  the  end  of  the  Paleozoic,  the 
sediments  which  had  been  so  long  accumulating  in  the  Appalachian 
region  at  last  yielded  to  the  slowly-increasing  horizontal  pressure,  and 
were  mashed  and  folded  and  thickened  up  into  the  Appalachian  chain, 
and  the  rocks  metamorphosed.  In  America,  this  chain  is  the  monu- 
ment of  the  greatest  revolution  which  has  taken  place  in  the  earth's 
history.  At  the  same  time  the  Acadian  range  of  East  Canada  and  the 
Ouachita  range  of  Arkansas  seem  to  have  been  formed  (Dana).  At 
the  same  time  also  great  changes  took  place  in  the  West.  The  Utah 
basin  region  was  upheaved  to  form  land,  the  Nevada  basin  region  sank 
and  became  sea-bottom,  and  the  Pacific  shore-line  was  transferred 
eastward  to  the  117th  meridian  about  Battle  Mountain.  In  other 
words,  the  Basin  region  Palaeozoic  continent  was  transferred  eastward 
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its  own  breadth  to  form  the  Basin  region  Mesozoic  continent  (King). 
Similar  and  very  extensive  clianges  in  physical  geograjjhy  must  have 
taken  place  in  other  portions  of  the  globe,  otherwise  we  can  not  account 
for  the  enormous  changes  in  physical  conditions  and  fauna  and  llora. 
Many  of  these  have  been  traced,  but  we  can  not  yet  trace  them  as 
clearly  as  in  America.  The  greatest  of  these  and  one  of  the  greatest 
in  the  history  of  the  earth  was  the  formation  of  a  great  southern  con- 
tinent (Gondwana  Land)  connecting  with  South  America,  South  Africa, 
and  Australia.    We  shall  have  occasion  to  mention  this  again. 

Transition  from  the  Palceozoic  to  the  Mesozoic — Permian  Period. 

The  Permian  a  Transition  Period.— The  Palaeozoic  era  was  closed 
and  the  Mesozoic  inaugurated  by  the  Appalachian  revolution.  All 
the  great  revolutions  in  the  earth's  history  are  periods  of  oscillations. 
Such  oscillations  produce  unconformity.  They  also  produce  changes 
of  climate,  and  therefore  of  fauna  and  flora.  We  find,  therefore,  that 
the  Mesozoic  rocks  are  universally,  or  nearly  universally,*  uncon- 
formable on  the  Carboniferous ;  and,  corresponding  with  this  uncon- 
formity, there  is  a  wonderful  change  in  fauna  and  flora — a  change 
the  greatness  of  which  we  have  attempted  to  show  in  the  contrast  on 
the  previous  page.  Now,  the  older  geologists  regarded  this  change  as 
one  of  instantaneous  destruction  and  recreation,  because  they  took  no 
account  of  a  lost  interval.  But  we  have  already  shown  (pp.  188,  305) 
that  in  all  cases  of  unconformity  there  is  such  a  lost  interval,  which 
in  some  cases  is  very  large.  In  order  to  account  for  the  very  great 
change  in  the  organic  world,  it  is  only  necessary  to  suppose  that 
periods  represented  by  general  unconformity  are  critical  periods  in 
the  earth's  history — periods  of  rapid  change  in  physical  geography, 
climate,  and  therefore  of  rapid  change  in  fauna  and  flora,  by  the  pass- 
ing out  of  old  types  and  the  differentiation  of  new  types.  Unfor- 
tunately, in  the  earth's  history  as  in  human  history,  it  is  exactly  these 
critical  periods — these  periods  of  change  and  revolution — the  record  of 
which  is  apt  to  be  lost.  In  both  histories,  too,  this  is  truer  the  farther 
back  we  go.  Of  the  long  interval  between  the  Archaean  and  Palaeozoic, 
not  a  leaf  of  record  has  yet  been  recovered  with  any  certainty ;  but  of 
the  interval  now  under  discussion  many  leaves  of  record  have  been 
recovered.  These  have  been  bound  together  in  a  separate  volume  or 
chapter  and  called  the  Permian.  I  shall  regard  the  Permian,  there- 
fore, as  essentially  a  transition  period  ;  its  rocks  were  deposited  dur- 
ing the  period  of  commotion  ;  its  fossil  types  are  in  a  state  of  change, 
though  more  nearly  allied  to  the  Palajozoic.    Among  the  great  oscilla- 


*  In  the  Rocky  Mountain  region  there  seems  to  be  coniplete  conformity  in  some 
places.    (King,  Fortieth  Parallel  Survey,  vol.  i,  p.  206.) 


TRANSITION  FROM  THE  PALEOZOIC  TO  THE  MESOZOIC.  427 

tions  which  occurred  during  this  time  is  that  already  referred  to  on 
the  previous  page.  We  have  good  evidence,  especially  from  Permian 
plants,  that  there  existed  at  this  time  a  great  continental  laud-mass 
connecting  South  America,  South  Africa,  Australia,  and  South  India 
with  one  another  and  all  with  Antarctica.  This  hypothetical  continent 
has  been  called  by  Suess  Gondivana  Land. 

From  what  has  just  been  said,  it  will  be  anticipated  that  the  uncon- 
formity of  the  Mesozoic  on  the  Palasozoic  sometimes  takes  place  between 
the  lowest  Mesozoic  and  the  Permian,  and  sometimes  between  the  Per- 
mian and  the  Coal.  The  Permian,  tlierefore,  is  sometimes  conformable 
with  the  Coal,  as,  e.  g.,  in  this  country,  sometimes  conformable  with  the 
Triassic,  as  in  England.  It  thus  allies  itself  stratigraphically  some- 
times with  the  Palaeozoic,  sometimes  with  the  Mesozoic.  Paleontologi- 
cally  it  is  always  more  allied  to  the  Palaeozoic.  The  English  section, 
and  the  history  of  opinion  concerning  it,  admirably  illustrate  this 
point.  Fig.  592  is  an  ideal  section  through  the  Devonian,  the  Coal 
and  Triassic  (Lower  Mesozoic)  of  England.  Lying  unconformably  on 
the  eroded  surface 
of  the  Coal,  i,  there 
is  seen  a  continuous 
and  perfectly  con- 
formable   series  of  Fro.  592. -(After  Lyell.) 

strata,  a.  This  se- 
ries, moreover,  is  lithologically  characterized  throughout,  especially  the 
lower  part,  by  frequent  alternations  of  Red  sandstones,  and  therefore  has 
been  called  JYetv  Bed  sandstone,  to  distinguish  it  from  the  Devonian, 
which  is  often  called  Old  Red  sandstone.  It  is  further  distinguished 
throughout  especially  the  upper  part,  by  variegated  shales,  and  therefore 
called  altogether  Poihilitic  group.  It  is  also  distinguished  throughout 
by  the  presence  of  salt,  and  therefore  called  the  Sidiferous  group.  Here, 
then,  there  were  the  strongest  reasons  for  regarding  the  whole  as  one 
group,  distinctly  separated  by  unconformity  from  the  underlying  Coal. 
The  upper  part  of  this  continuous  series  contained  undoubted  Mesozoic 
fossih.  The  line  of  unconformity  was,  therefore,  naturally  believed 
to  be  the  line  between  Palgeozoic  and  Mesozoic.  Unfortunately,  the 
lower  portion  is  very  barren  of  fossils,  and  this  means  of  correcting 
the  stratigraphic  conclusion  was  at  first  nearly  wanting.  When  fossils 
were  discovered  in  sufficient  numbers,  however,  they  showed  a  greater 
alliance  v/ith  the  unconformable  Coal  below  than  with  the  conformable 
strata  above.  Thus,  if  we  make  the  division  between  Palceozoic  and 
Mesozoic  on  stratigraphical  grounds,  we  would  find  it  between  the 
Coal  and  the  overlying  strata;  while,  if  we  make  it  on  paleontological 
grounds,  we  would  have  to  draw  the  line  through  the  midst  of  the 
conformable  strata,  «,  giving  one  half  to  the  PalBeozoic  and  the  other 
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half  to  the  Mesozoic.  The  lower  Pulasozoic  half  is  called  the 
Permian* 

As  a  broad  general  fact,  therefore,  the  great  commotion  which  is 
called  the  Appalachian  revolution  took  place,  or  commenced  to  take 
place,  at  the  end  of  the  Coal  i^eriod.  Ikit  the  fauna  and  flora  were  not 
immediately  exterminated,  but  struggled  on,  maintaining,  as  it  were, 
a  painful  existence,  under  changed  conditions,  themselves  meanwhile 
changing,  until  complete  and  permanent  harmony  was  re-established 
with  the  opening  of  the  Mesozoic.  If  we  may  use  an  illustration,  the 
A])palachian  revolution  was  the  death-sentence  of  PaljEozoic  types,  but 

the  sentence  was  not  in- 
stantly executed.  This 
transition  period,  be- 
tween the  sentence  and 
the  execution  of  Palaeo- 
zoic types,  is  the  Per- 
mian. 

It  is  well  here  to  draw 
attention  to  the  fact  of 
this  great  change  of  or- 
ganisms, the  greatest  in 
the  whole  history  of  the 
earth,  taking  place  in 
the  midst  of  conformable 
must  have  been  compara- 


FlG.  593. 


Pig.  596. 


Fi(5.s.  .503-597.— American  Permian  Po.ssils  (after  Meek):  ,593. 
Eumicrotis  Hawni.  594.  Mynlina  Permiana.  595.  Bake- 
well  ia  parva.  596.  Pleurophorus  subcuneatus.  597.  A  Gas- 
teropod. 


Evidently  the  change 


strata  (Pig.  592,  a). 
tively  rapid. 

We  have  given  the  history  of  change  of  opinion  in  regard  to  the 
English  section  (Fig.  592),  because  it  is  a  type  of  many  discussions  and 
changes  which  have  occurred  and  will  still  occur  in  geological  opinion. 

Area  in  the  United  States. — The  Permian  has  been  found  in  the 
United  States,  in  Kansas,  bordering  on,  and  conformable  with,  the  coal 
of  that  region  (map,  p.  302) ;  also  in  New  Mexico  and  Western  Texas, 
and  probably  also  overlying  the  coal  of  Illinois  (Cope).  It  gradates  so 
completely  into  the  upper  Coal-measures  that  no  attempt  has  been 
made  to  separate  them  in  the  map.  Until  recently  nothing  of  interest 
has  been  found  in  the  American  Permian  except  a  few  shells  (Figs. 
593-597),  but  now  a  considerable  number  of  fishes,  amphibians,  and 
reptiles  are  known. 

An  elementary  treatise  like  this  must  dwell  mainly  on  cnhniuofing 
periods,  and  their  characteristic  forms ;  and  yet  to  the  philosophic  stu- 
dent it  is  the  transitional  forms  and  periods  which  are  the  most  inter- 


*  In  Germany  it  is  closely  allied  stratifjrapliicallv  with  the  Triassie,  and  therefore  by 
many  put  in  the  Mesozoic,  and  called  Dyas. 
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Fio.  602. 


Pios.  5flS-(102.— EoRopKAN  Pbumian  PosstLs:  Plants:  598.  Walchin  piniformis (Permian of  EiiroprV 
.599.  Ginkgophyllum.  FinheK:  (100.  PlatyBomii.s  gibbosiis  (Porminn  of  Kuropc).  001.  Plcuriiciiii- 
thiis  parelluliitf,  restored  (aftxT  Fritsch).  Reptile:  602.  Liraiicrpcton  laticeps,  natural  size  (after 
Fritsch). 


esting.  The  Permian  is  pre-eminently  such  a  transitional  period,  and 
contains  many  transitional  forms.    In  it  we  have  a  passing  away  of 
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Paleozoic  types,  a  coming  in  of  Mesozoic  types,  and  a  co-existence  of 
the  two  side  by  side.  The  change  from  the  one  to  the  other,  there- 
fore, was  not  sudden  and  by  exterminations  and  recreations,  but  gradu- 
ally by  extinction  of  some  old  forms  and  modification  of  others  into 
new  forms ;  and  all  the  new  forms  loere  thus  derived.  Under  the  in- 
fluence of  changing  conditions,  the  more  specialized  and  rigid  forms 
became  extinct,  while  the  more  generalized  and  plastic  forms  gave 
rise  to  modified  descendants  perhaps  in  several  directions. 

The  main  features  of  the  Permian  life,  therefore,  were :  1,  A  lin- 
gering of  coal  types  of  plants,  such  as  the  Lepidodendrids  and  Cala- 
niariae,  and  many  genera  of  Ferns,  but  extinction  of  Sigillarids  and 
increase  and  advance  of  Conifers  to  more  varied  and  modern  forms, 
such  as  Walchia,  Ginkgophyllum,  etc.  (Figs.  598,  599).  3.  A  lingering 
of  Orthoceratites,  square-shouldered  Brachiopods,  such  as  Productus 
and  Spirifer,  and  perhaps  of  Goniatites,  but  complete  extinction  of 
Trilobites  and  Eurypterids.  3.  A  continuance  of  Ganoids,  but  under 
more  modern  forms  (Figs.  600,  601).  4.  Amphibians  continue  in  the 
form  of  Labyrinthodonts  (Stegocephali  of  Cope),  of  which  some  are 
very  modern  in  form  (Fig.  602),  but  true  reptiles  are  introduced  in  con- 
siderable numbers.  These  first  reptiles,  as  might  have  been  expected, 
are  wonderfully  generalized  in  structure.  They  connect,  on  the  one 
hand,  with  Amphibians,  from  which  they  were  derived,  and,  on  the  other, 
with  the  lowest  Mammals,  to  which  they  gave  origin.  On  account  of 
this  connection  with  Mammals,  Cope  has  called  them  Tlieromorphs 
(beast-like).  We  shall  speak  of  these  again  under  the  Trias,  where  they 
are  more  abundant.  Thus,  then,  we  have  at  this  time,  Stegocephali, 
connecting  Ganoid  fish  with  reptiles,  and  Theromorphs,  connecting 
Amphibians  with  Mammals.   This  is  shown  in  the  following  schedule : 

r        Monotreme  Mammals. 
Theromorplis .  ■  •  ■  \      (  Reptiles. 

Stegocephali  (  . .  \  Amphibians. 

(  Fishes. 


CHAPTER  IV. 

MESOZOIC  ERA— AGE  OF  REPTILES. 

The  Palaeozoic  era,  we  have  seen,  was  very  long,  and  very  diversi- 
fied in  dominant  types,  of  both  animals  and  plants.  It  was  during  this 
long  era  that  originated  nearly  all  the  great  branches,  and  even  sub- 
branches,  of  the  organic  kingdom.  We  have  during  this  era,  therefore, 
three  very  distinct  ages :  an  age  of  Invertebrates,  an  age  of  Fishes,  and 
an  age  of  Acrogens  and  Amphibians,    The  Mesozoic  was  far  less  long 
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and  far  less  diversified  in  dominant  types.  It  consists  of  only  one  age, 
viz.,  the  age  of  Reptiles.  Never  in  the  history  of  the  earth,  before  or 
since,  did  this  class  reach  so  high  a  point  in  numbers,  variety  of  form, 
size,  or  elevation  in  the  scale  of  organization. 

General  Characteristics.— The  general  characteristics  of  the  Meso- 
zoic  era  are  the  culmination  of  the  class  of  Reptiles  among  animals,  and 
of  Cycads  among  plants,  and  the  first  appearance  of  Telcosts  (common 
osseous  fishes).  Birds,  Mammals  among  animals,  and  of  Palms  and 
Dicotyls  among  trees. 

Subdivisions. — The  Mesozoic  era  is  divided  into  three  periods,  viz. : 
1.  Triassic,  because  of  its  threefold  development  where  first  studied  in 
Germany;  3.  Jurassic,  because  of  the  splendid  development  of  its 
strata  in  the  Jura  Mountains;  3.  Cretaceous, hecause  the  chalk  of  Eng- 
land and  France  belongs  to  this  period. 


Mesozoic  Era. 


3.  Cretaceous  period. 
2.  Jurassic  period. 
1.  Triaasic  period. 


In  this  country  the  Triassic  and  Jurassic  are  not  so  distinctly  sepa- 
rable as  they  are  in  Europe,  nor  as  they  are  from  the  Cretaceous.  They 
form,  in  fact,  one  series,  and  if  the  Mesozoic  had  been  studied  first  in 
this  country,  the  whole  would  probably  have  been  divided  into  only  two 
periods.  We  shall  therefoi-e  speak  of  the  Mesozoic  of  this  country  as 
consisting  of  two  periods,  viz.,  the  Jura-Trias  and  the  Cretaceous.  On 
account  of  their  fuller  development  in  Europe,  it  will  be  best  to  speak, 
first,  of  the  Triassic  generally,  then  of  the  Jurassic  generally,  taking 
our  illustrations  mainly  from  European  sources,  and  then  of  the  Jura- 
Trias  in  America.  Also,  on  account  of  the  comparative  poverty  of  the 
Trias  in  organic  remains,  we  will  dwell  much  less  on  this  period  than 
on  the  subsequent  Jurassic ;  for  in  this  latter  period  culminated  all  the 
distinctive  characters  of  the  Reptilian  age. 


Section  1. — Triassic  Period. 

As  already  stated,  the  Triassic  strata  are  nearly  always  uncon- 
formable with  the  Coal,  and  the  period  opens  with  a  fauna  and  flora 
wholly  and  strikingly  different  from  the  preceding.  In  many  places, 
however,  there  is  found  an  intermediate  series,  the  Permian,  some- 
times conformable  with  the  Coal  and  unconformable  with  the  Trias, 
sometimes  conformable  with  the  Trias  and  unconformable  with  the 
Coal.  Its  fauna  and  flora  are  also  to  some  extent  intermediate,  though 
more  nearly  allied  to  those  of  the  Coal.  The  explanation  of  this  has 
already  been  given. 
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Subdivisions.— The  subdivisions  of  the  Triassic  rocks  and  period  in 
several  countries  are  given  below. 


GlCRMAN. 

Frknob. 

Enolisd. 

3.  Keuper. 

2.  Muschelkalk. 

1.  Bunter  Sandstein. 

Marne  irisde. 
Muschelkalk. 
Gr^s  bigarre. 

Variegated  marl. 
Wanting. 

Upper  New  Red  sandgtone. 

Fio.  603.  Fio.  COS. 

Figs.  603-605.— Tbiassto  Conifers  and  Cyoads  (after  Nicholson) :  60-3.  Voltzia  heterophylla,  a 
conifer.  604.  Pterophyllum  Jsegeri,  a  cycad.  605.  Podozaniites  Emmonsi,  a  cycad. 

Plants. 

The  flora  of  the  Trias  is  very  imperfectly  known.  We  find,  how- 
ever, no  longer  the  great  coal-making  trees  of  the  Carboniferous — Sig- 
illarids,  Lepidodendrids,  and  Calamarije — though  tree-ferns  still  con- 
tinue in  abundance,  but  of  different  types  from  those  of  the  coal. 
The  forest-trees  seem  to  have  been  principally  Tree-ferm^  Cycads.,  and 
Conifers.,  although  the  last  two  did  not  reach  their  highest  develop- 
ment until  the  next  period.  For  this  reason  we  will  put  oil  the  fuller 
discussion  of  them  until  we  come  to  that  period. 
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Atiimnls. 

Among  the  Echinoderms  we  find  no  longer  any  Cystids  and  Blas- 
toids;  but  Crinids,  beautiful  lily  Encrinites,  with  long  plumose  arms, 
are  very  abundant  (Fig.  606). 

Among  Brachiopods  the  familiar  square-shouldered  forms,  includ- 
ing the  Spirifer  family,  the  Htrophomeua  family, 
and  the  Productus  family,  are  almost  if  not  wholly 
gone ;  only  a  few  Spirifers  remain.  Among  Cephal- 
opods,  we  find  no  longer  Orthoceratites  *  or  Gonia- 
tites,  but  Geratites  (Fig.  614)  take  their  place,  and 
Ammonites  begin.  In  Geratites,  the  suture  is  more 
complex  than  in  Goniatites,  but  not  so  complex  as 
the  subsequent  Ammonites.  Among  Grustaceans, 
we  find  no  longer  Trilobites  nor  huge  Eurypterids  ; 
but  Macrouraiis,  which  began  in  the  Carbonifer- 
ous, are  now  more  abundant,  and  of  more  modern 
forms  (Fig.  615). 

Insects. — As  already  seen,  all  the  hexapod  in- 


FiG.  606.— Encrinns  liliformis. 


Fig.  e07.— A^pi(1^ra  lorioata.  an  aptcroid:  a,  Dor- 
sal; b,  Ventral  surface. 


sects  of  Palfeozoic  belong  to  one  family — the  Palfeodictyoptera — but 
this  was  a  generalized  type  connecting  the  three  lower  existing  orders, 
viz.,  Orfchopters,  Neuropters,  and  Hemipters.  Now,  with  the  opening 
of  the  Trias,  we  have  these  three  orders  distinctly  differentiated,  and 
Coleopters  (beetles)  added  (Fig.  616).  But  still  the  sucking  insects 
are  wanting. 

Fishes. — Among  fishes,  still  we  find  no  Teleosts,  only  Ganoids  and 
Elasraosbranchs ;  but  while  the  Ganoids  are  some  of  them  heterocercal 
or  vertebrated-tailed  like  the  Palasozoic  Ganoids,  some  are  only  slightly 
vertebrated,  and  some  wholly  non-vertebrated-tailed,  or  homoceral. 
The  Ceratodtcs,  a  remarkable  genus  of  Dipnoan  fishes,  one  species  of 
which  still  lives  in  Australian  rivers  (Fig,  442,  p.  351),  is  traced  back 
to  this  period. f    Being  known  in  a  fossil  state  only  by  the  curious 


*  A  very  few  seem  to  have  crossed  the  line. 

t  The  recent  form  is  probably  a  different  though  closely  allied  genus,  called  by  Gill 


Nco-ceratodus.   (Science,  vol.  i,  p.  725,  1895.) 
29 
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palatal  teeth  (Fig.  617),  it  was  formerly  classed  with  Elasmobranchs. 
The  Elasmobranchs  are  partly  Gestracionts  (Fig.  618)  and  partly  Hybo- 
donts  (Fig.  619). 

Ampkibians. — LabyrinihodontH  have  already  been  described,  in 


Pig.  610.  Pio.  012.  Fig.  613. 

Figs.  608-613.— Lamei-libranchs  (after  Nicholson):  608.  Daonella  Lommelli.  609.  Pecten  Valoni- 
ensis.  610.  Myophoria  Uneata.  611.  Cardium  Khaeticum.  612.  Avicula  contorta.  613.  Avicula 
social  Is. 


connection  with  the  Carboniferous  when  they  first  occur.  They  cul- 
minate, however,  in  size  and  in  complexity  of  tooth-structure — if  not 
in  number  and  variety — in  the  Triassic,  and  then  become  extinct.  In 


Fio.  014.— Ceratites  nodosus.  Fig.  616.— Glaphroptera  pterophylli  (after  Heer). 


some  cases  they  reached  gigantic  proportions.  The  head  of  the  Mas- 
todonsaurus  (Fig.  620)  was  three  feet  long  and  two  feet  wide.  The 
tooth  of  the  typical  genus  Labyrinthodon  was  three  and  a  half  inches 
long  and  one  and  a  half  in  diameter  at  the  base  (Fig.  622).   The  com- 
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Fig.  017. 


plox  labyrinthine  structure  is  shown  in  Fig.  023.  Attention  was  first 
drawn  to  these  animals  by  the  discovery  in  Triassic  strata  of  certain 
tracks  made  by  a 
clumsy-footed  ani- 
mal (Fig.  024), 
which  was  at  first 
mistaken  for  a 
mammal  and 
called  Cheirother- 
ium  (hand-beast). 
Its  true  nature  was 
made  known  by 
Prof.  Owen,  who 
called  it  Labyrin- 
thodon. 

Reptiles. — The 

..  i  £  m  •  Figs.  617-619.— Trassio  Fishes:  617.  a,  Dental  Plate  of  Ceratodns  ser- 
reptlies  OI  tne  in-        mtus;  b.  Dental  Plate  of  Ceratodns  altns.  Kenper  (after  Agassiz). 

618.  Acrodus  minimus.   619.  Hybodus  apicalis  (after  Agassiz). 

assic   are  imper- 

fectly  known.  They  belong  mainly  to  three  orders :  1.  Rhyncosaurs 
(beaked  Saurians) ;  2.  Anomodonts  (lawless-toothed) ;  3.  TJiei'iodonts 
(beast-toothed).    The  last  two  are  sometimes  united  into  one  order, 


Fig.  618. 


Fig.  619. 


^  Fig.  621. 

Fiu8.  020,  681.— TiiiABSio  AMPHiBiAN8-Zf7i?/W«/!/wto»/s,-  620.  Mastodonsaurus  JcDgeri.   621  Tre- 

matosaurus  (after  Huxley). 
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called  Tlieromorpha  (beast-form).  AH  these  orders  are  very  charac- 
teristic of  the  Trias,  although  a  few  Theromorphs  are  found  in  the 
Permian. 

The  Rhyncosmcrs  had  strongly-hooked,  horny  beaks,  like  that  of  a 

parrot  (Fig.  6^8).  The  curious  re]j- 
tile  Sphenodon,  or  Hatteria,  of  Kew 
Zealand  (Fig.  629),  is  the  nearest  liv- 
ing ally. 

The  Anomodonts  (lawless-toothed) 
had  jaws  covered  with  horn,  like 
tortoises  and  birds,  sometimes  tooth- 
less, as  in  Oudenodon  (Fig.  62G), 
and  sometimes  with  two  great  ca- 
nines only,  as  in  Dicynodon  (Fig. 
62o).  These  reptiles  were  of  great 
size.  The  head  of  the  Dicynodon 
tigriceps  was  twenty  inches  long  and 
eighteen  inches  wide. 


Pig.  G22. 


Fio.  623. 


Figs.  623,  623. — Triassio  ATtPUTBiKKS—Labi/rintJiodonts;  022.  Tooth  of  Labyrinthodon,  nataral 
size.   623.  Section  of  same  enlarged,  showing  structure. 

The  Theriodonts  (beast-toothed)  are  so  called  on  account  of  the 
resemblance  of  their  teeth  to  those  of  the  lowest  and  earliest  mammals. 
The  following  are  the  main  points  of  resemblance :  1.  The  teeth  are 
in  three  sets,  viz.,  incisors,  canines,  and  molars.  2.  The  canines  are 
much  larger  than  the  others,  and  separated  from  them  by  a  wide  space 
(diastema).  3.  The  molars  (jaw-teeth)  are  in  many  cases  not  conical, 
like  reptilian  teeth,  but  have  commenced  to  develop  cusps  (Fig.  630) 
like  those  of  mammals,  especially  of  the  earliest  Mcsozoic  mammal.':. 
(Compare  this  figure  with  Fig.  715,  p.  466.)  Tiie  canines  of  some  of 
these  Theriodonts  have  been  found  five  and  six  inches  long.    A  large 
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Fio.  630. 


Fios.  B34-630.  — TniAsaio  RBPTrLES  ("after  Owen):  B24.  Tract-B  of  a  Cheirotherhim— a  Labyrinthodont. 
035.  Dicynodon  laccrticcps.  620.  Oudenodon  Hiiinii.  027.  a  6,  Lycopaiinis.  628.  Khyiicosanrs 
—nyperodapedon,  Trias  (after  Huxley) ;  029.  Sphenodoii,  living  (after  Huxley),  630.  Galesau- 
rus  planiceps— a,  head;  b,  molar  tooth,  inaguillcd  (after  Owou). 
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Fig.  631. — Tooth  of  the  Microlestes  antiquus. 


uumber  of  these  animals — as  also  of  the  previous  order — have  been 
found  iu  the  Karoo  beds  of  South  Africa,  and  described  by  Prof. 
Owen. 

Birds.— No  birds  have  yet  been  found  in  the  strata  of  the  Triassic 
age,  unless  we  except  tlie  so-called  bird-travlcn  of  the  sandstone  of  the 
Connecticut  Valley  and  elsewhere,  which  we  will  discuss  further  on. 

Mammals. — Remains  of  two  or  three  small  insectivorous  Marsupials, 
or  perhaps  monotremes,  have  been  found  in  the  uppermost  Triassic, 
both  of  Europe  and  of  the  United  States.  Figures  of  a  tooth  of  one 
of  these,  Microlestes  antiqims,  are  given  (Fig.  G31).  The  remains  of 
the  mammals  of  the  Triassic  are  so  few  and  fragmentary  that  it  is 
difficult  to  make  out  their  affinities,  but  it  is  probable  that  they  were  a 
generalized  type  connecting  marsupials  with  the  still  lower  monotremes 

and  both  with  Theriodont  Eep- 
tiles.  But  as  these  are  found  in 
very  small  numbers  and  only  in 
the  uppermost  Triassic  beds,  and 
as  similar  animals  are  found  in 
much  greater  numbers  in  the 
Jurassic,  it  seems  best  to  regard  these  as  anticipations,  and  to  put  off 
the  further  discussion  of  the  affinities  of  the  earliest  mammals  until 
we  take  up  that  period. 

Mammals  probably  preceded  Birds.  This  is  not  a  little  remarkable. 
But  it  must  be  remembered  that  Birds  are  very  closely  allied  to  Rep- 
tiles, and  may  be  regarded  as  a  secondary  offshoot  of  the  reptilian 
branch. 

The  sudden  coming  in  of  new  types  here  and  especially  of  the 
characteristic  Reptiles  is  certainly  remarkable.  They  probably  origi- 
nated in  the  southern  hemisphere  (Gondwana  Land)  and  migrated 
thence  northward. 

Origin  of  Roch  Salt. 

Neither  rock-salt  nor  coal  is  confined  to  the  rocks  of  any  particular 
age.  Both  have  been  formed  in  every  age ;  both  are  forming  noro. 
But  as  the  subject  of  the  origin  of  coal-deposits  was  discussed  in 
connection  with  that  age  during  which  it  was  accumulated  in  the 
greatest  abundance — the  Carboniferous — so  the  origin  of  rock-salt  is 
best  discussed  in  connection  with  the  so-called  Saliferous  or  Triassic. 

Age  of  Rock-Salt.— As  already  stated,  rock-salt  is  found  in  strata 
of  all  ages,  and  is  forming  now.  Moreover,  there  is  no  period  which 
deserves  the  name  Saliferous  to  the  same  extent  that  the  Carboniferous 
deserves  its  name.  The  salt  of  Syracuse,  New  York,  is  found  in  the 
Upper  Silurian ;  that  of  Canada,  which  exists  in  immense  beds  100 
feet  thick,  is  found  in  the  Upper  Silurian  or  Lower  Devonian  ;  that  of 
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Pennsylvania  is  Upper  Devonian ;  of  Southwest  Virginia  is  sub-Car- 
boniferous; tliat  recently  discovered  in  Kansas  is  in  the  Trias;*  that 
of  Petite  Anse,  Louisiana,  is  uppermost  Cretaceous  or  lowest  Tertiary 
(Hilgard).  In  Europe,  the  EngUsh  salt- beds  are  Triassic,  the  German 
beds  Permian,  Triassic  and  Jurassic;  the  celebrated  Polish  beds  at 
Cracow  are  Tertiary. 

Mode  of  Occurrence. — Salt  occurs  in  immense  Icds  of  pure  rock-salt, 
or  else  impregnating  strata.  It  is  obtained  by  direct  mining,  or  else  by 
boiling  down  the  saline  waters  either  of  natural  springs  or  of  artesian 
wells  sunk  into  the  salt-bearing  strata.  The  further  explanation  of  its 
mode  of  occurrence  is  best  and  most  concisely  given  by  comparing  it 
with  coal. 

1.  Like  coal,  it  occurs  in  isolated  basins,  but  these  are  far  more 
limited  than  the  great  coal-fields.  3.  Like  coal,  it  is  interstratified 
with  sands  and  clays,  the  whole  series  repeated  often  many  times.  In 
Galicia,  for  example,  there  are  found  seven  salt-beds  in  the  same  sec- 
tion. In  the  Kansas  Trias  there  are  seven  beds.  Like  coal,  also,  each 
bed  is  usually  underlaid  with  clay.  3.  But  it  differs  from  coal  in  the 
great  thichiess  of  the  beds.  In  Canada  the  salt-bed  is  100  feet  thick 
(Gibson). f  In  Cheshire,  England,  there  are  two  beds,  one  100  feet,  the 
other  90  feet  thick,  separated  by  30  feet  of  shale.  At  Stassfurt,  alter- 
nating beds  of  salt  and  gypsum  have  been  penetrated  1,000  feet,  and 
the  bottom  not  yet  reached. J  The  Berlin  salt-well  is  4,172  feet  deep, 
and,  except  the  upper  292  feet,  penetrates  solid  salt.*  4.  Recollecting 
the  somewhat  limited  extent  of  basins,  it  is  evident  that  salt-beds  thin 
otct  far  more  rapidly  than  coal.  The  English  salt-beds  thin  out  fifteen 
feet  per  mile.  Coal,  therefore,  lies  in  extensive  sheets,  salt  in  lenticular 
masses.  5.  Coal  has  its  characteristic  valuable  accompaniment  in  iron- 
beds,  salt  in  beds  of  gypsum.  Thus,  as  coal-measures  consist  of  repeti- 
tions of  sands,  clays,  occasional  limestones,  with  valuable  beds  of  coal 
and  iron-ore  many  times  repeated,  so  salt-measures  consist  of  sands, 
clays,  and  occasional  limestones,  with  valuable  beds  of  salt  and  gypsum 
many  times  repeated.  Gypsum-beds  are  often  entirely  separate  from 
salt-beds,  but  each  salt-bed  is  apt  to  be  underlaid  by  gypsum.  6.  While 
coal-measures  are  remarkable  for  the  abundance  of  organic  remains, 
both  vegetable  and  animal,  salt-measures  are  equally  remarkable  for 
extreme  poverty  in  this  respect.  The  presence  of  these  remains  in  the 
one  case,  and  their  absence  in  the  other,  are  the  cause  of  the  difference 
in  the  color  of  the  sandstones.  Coal-measure  sandstones  are  'white  or 
gray,  being  leached  of  their  oxide  of  iron  by  organic  matter.  Salt- 

*  Hay,  American  Geologist,  vol.  v,  p.  65,  1890. 

f  Ajnerican  Journal  of  Science,  vol.  v,  p.  362,  1873. 
X  Bischof,  Chemical  Geology,  vol.  i,  p.  383. 

*  Nature,  vol.  xv,  p.  240,  IS??. 
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measure  sandstones  are  usually  red,  the  iron  being  diffused  as  coloring- 
iiuitter. 

Theory  of  Accumulation.— Wc  have  already  seen  (p.  80)  that  salt- 
lakes  are  evaporated  I'csidues  of  river- water  or  sea-water  in  dry  climates, 
and  are  now,  most  of  them,  depositing  salt ;  also,  that  sea- water  evap- 
orated deposits  first  gypsum,  then  salt:  also,  that  these  deposits  of 
salts  and  gypsum  alternate  annually  with  sediments  of  sand  and  clay — 
the  salt  or  gypsum  deposit  representing  the  dry  season,  and  the  me- 
chanical deposits  representing  the  season  of  floods.  It  is,  therefore, 
natural  to  look  in  this  direction  for  an  explanation  of  salt  and  gyp- 
sum deposits — to  think  that  salt-basins  are  dried-up  salt-lakes. 
But  the  immense  thickness  of  the  beds  plainly  shows  that  there  must 
have  been  important  modifications  of  this  process.  It  is  plain  that 
the  alternations  of  salt  and  sedimentary  deposit  were  not  annual  but 
secular. 

The  conditions  under  which  salt-measures  were  formed  are  not  cer- 
tainly known,  but  most  probably  they  are  a  dry  climate,  a  low  coast, 
with  bordering  salt  lagoons  or  bays,  partly  cut  off  from  the  sea  by 
bars,  subject  to  intense  evaporation,  and  resupplied  with  salt-water  by 
tides  or  by  winds,  or  perhaps  at  longer  intervals  by  crust-movements. 
It  is  easy  to  imagine  how  salt-measures  with  their  alternation  of  gyp- 
sum, salt,  and  sediments,  may  thus  have  been  formed.  We  have  ex- 
amples of  the  process  now  going  on,  on  the  east  shore  of  the  Caspian 
Sea,  in  a  bay  nearly  cut  off  from  the  main  body,  where  salt  has  been 
depositing  for  ages,*  even  though  the  water  of  the  Caspian  is  much 
fresher  than  that  of  the  ocean.  On  the  other  hand,  it  seems  to  us  that 
the  recent  observations  of  Gilbert  and  Kussell  on  the  deposits  of  the 
great  dried-up  lakes  Lahontan  and  Bonneville  of  the  Basin  region  (p. 
590)  throw  much  light  on  this  subject,  and  that  in  the  phenomena  of 
these  deposits  we  probably  have  at  least  an  additional  method  in  which 
salt-measures  may  be  formed.  There  is  abundant  evidence  that  these 
lakes  have  filled  and  dried  up  and  left  beds  of  salt,  more  than  once, 
and  that  at  each  refilling  the  lake  commenced  as  a  fresh  lake.  The 
process  was  briefly  as  follows  :  The  great  lake,  at  first  fresh,  gradually 
became  saline  and  finally  dried  away,  leaving  a  thick  bed  of  salt. 
This  salt-bed  was  then  covered  by  the  washing  in  of  fine,  imper- 
vious clay,  and  thus  protected  from  re-solution  tvhen  the  lake  re- 
formed. This  process  was  repeated  in  the  case  of  Lake  Lahontan 
three  times — that  is,  there  are  now  beneath  the  salt-lakes  of  this 
region,  two  beds  of  salt  separated  by  clay,  and  the  third  deposit  is  now 
forming.    Salt-beds  are  now  reached  and  worked  in  many  places  of 


*  Ochsenius,  Proceedings  of  the  Academ)'  of  Natural  Sciences,  Philadelphia,  188S, 
p.  181. 
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this  region  by  penetrating  the  fine  clay  which  marks  the  places  of  the 
old  lakes.* 

In  the  deposits  of  salt-lakes  or  saturated  lagoons  we  would  not  ex- 
pect to  find  many  animal  remains,  but  the  tracks  of  animals  along  their 
muddy  shores,  as  also  sun-cracks  and  rain-prints,  would  be  found  as  on 
other  shores.  Now,  although  in  the  strata  associated  with  salt  organic 
remains  are  rare,  shore-marks  of  all  kinds  are  common.  Thus  de- 
posits of  gypsum  and  salt  may  be  taken  as  evidence  of  dry  climate. 


Section  2. — Jurassic  Period. 

This  is  the  culminating  period  of  the  Mesozoic  era  and  Reptilian 
age.  In  it  all  the  characteristics  of  this  age  reach  their  highest  de- 
velopment.   We  must  discuss  this  somewhat  more  fully  than  the  last. 

The  strata  belonging  to  this  period  are  magnificently  developed  in 
the  Jura  Mountains,  and  hence  the  name  Jurassic.  These  mountains 
are  an  admirable  illustration  of  the  manner  in  which  ridges  and  valleys 
are  formed  by  the  folding  of  strata  (Fig.  632) ;  they  also  abound  in 
fossils  of  this  period. 

Some  English  geologists  call  the  period  Oolite  (egg-stone)  on  account 
of  the  abundant  occur- 
rence in  that  country 
of  a  peculiar  limestone 
composed  often  wholly 
of  small,  rounded 
grains  like  the  roe  of 
a  fish.  They  divide 
the  whole  period  into 
three    epochs,    viz. : 

1      Lias  '     2      Oolite  °^      '^"^'^  Mountains. 

proper  J  3.  Wealden.\  They  also  subdivide  the  Oolite  proper  into 
Lower,  Middle,  and  Upper  Oolite,  separated  by  intervening  Oxford 


Lower 
061ite. 


Middle 
oaiite. 


ITjjper 
oolite. 


London 
Chalk.  Clay. 


Lias. 


Oxford  Clay. 
PiQ.  6 


Kimineridge  Gaiilt. 
Clay. 


and  Kimmeridge  clays.  All  these  divisions  and  subdivisions  are  well 
shown  in  the  following  section  passing  from  London  westward.  This 


*  Gilbert,  Lake  Bonneville,  Wheeler's  Survey,  vol.  iii;  American  Journal  of  Scieree, 
vol.  xxxi,  p.  384,  1886;  Russell,  Lake  Lahontan,  Monograph  of  United  States  Geological 
Survey,  vol.  xi,  pp.  2,  261,  and  268. 

f  The  Wealden  is  now  often  put  in  the  Cretaceous. 
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section  is  interesting  not  only  as  exhibiting  all  the  divisions  and  sub- 
divisions of  the  Oolitic  period,  but  also  as  showing  their  conformity 
among  themselves  and  with  the  overlying  chalk,  and  the  unconformity 
of  these  with  the  overlying  Tertiary.  It  also  shows  how  parallel  ridges 
and  intervening  hollows  are  formed  by  the  outcroppings  of  a  series  of 
strata  alternately  hard  and  soft. 

Origin  of  Oiilitic  Limestones.— Tliese  are  composed  of  rounded 
grains  with  concentric  structure.  We  have  already  seen,  page  163,  that 
on  coral  shores  a  kind  of  sand  is  formed  by  the  action  of  waves  on  frag- 
ments of  coral  and  shells.  These  fragments  are  rounded  by  attrition ; 
then  often  enlarged  by  deposit  of  concentric  layers  of  lime  from  the 
saturated  sea-water;  and,  finally,  cemented  by  the  same  into  hard  rock. 
Recent  observations  show  that  certain  low  forms  of  Algae  are  in  many, 
if  not  all,  cases  an  important  agent  in  determining  the  deposits  of  the 
lime  carbonate  by  withdrawing  the  COg  necessary  for  its  solution.*  In 
some  such  way  oolitic  limestones  have  been  formed  in  all  geological 
periods.  We  conclude,  therefore,  that  in  Jurassic  times  great  coral 
reefs  existed  where  England  now  stands.  In  the  Jura  Mountains  it  is 
believed  that  the  remains  of  fossil  circular  reefs  or  atolls  of  this  period 
are  still  detectable  (Heer). 

Jurassic  Coal-Measures. — In  the  Jurassic  times  we  have  reproduced 
on  a  large  scale  the  conditions  favorable  to  luxuriant  growth  of  plants, 
and  for  their  accumulation  and  preservation  in  the  form  of  coal. 
Hence  in  many  countries  we  have  Jurassic  coal-fields.  To  this  period 
belong  the  Yorkshire  coal  of  England  and  the  Brora  coal  of  Scotland. 
To  this  or  the  previous  period  belong  the  coal-fields  of  North  Carolina 
and  Eastern  Virginia,  and  some  of  the  coal-fields  of  India  f  and  China. 
The  fine  coal-measures  of  New  South  Wales,  Australia,  covering  an 
area  of  20,000  square  miles,  are  partly,  though  not  mainly,  Jurassic  or 
Triassic,  as  are  also  those  of  South  Africa.  Jurassic  coal-measures  have 
a  general  structure  similar  to  those  of  the  Carboniferous.  Like  the 
latter,  they  consist  of  alternations  of  sands  and  clays,  and  occasional 
limestones,  containing  seams  of  coal  and  beds  of  iron-ore.  The  iron- 
ore  too  is  of  the  same  kind,  viz.,  clay  iron-stojie.  We  find  here  also 
under-clays,  with  stumps  and  roots,  and  roof-shales  filled  with  leaf- 
impressions.  It  is  fair  to  conclude,  therefore,  that  the  mode  of  accu- 
mulation was  similar  to  that  already  described,  viz.,  in  marshes  subject 
to  occasional  floods.  Jurassic  coal,  though  perhaps  inferior  as  a  gen- 
eral rule  to  Carboniferous,  is  often  of  good  quality,  occurring  in  thick 
and  profitable  seams. 


*  Rotlipletz,  American  Geologist,  vol.  x,  p.  279,  1892. 

f  The  plant-beds  of  India  (Goudwanii  series  of  Indian  geologists)  are  Permian  to  Ju- 
rassic inclusive.   (Manual  of  Indian  Geology,  p.  102  el  seq.) 
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Dirt-Beds— Fossil  Forest-Grounds.— Coal-seams  with  their  under- 
lying clays  arc  fossil  swaiup-groands  ;  dirt-beds  are  fossil  soils  ov  forest- 
grounds.  The  one  graduates  insensibly  into  the  other,  and  both  are 
occasionally  found  in  all  strata,  from  the  Devonian  upward.  In  the 
Upper  Oolite  of  England,  at  the  Isle  of  Portland  and  elsewhere,  there 
occurs  an  interesting  example  of  such  a  fossil  forest-ground  with  the 
erect  stumps  and  ramifying  roots  still  in  situ,  though  silicified,  and 
the  logs,  also  silicified,  still  lying  on  the  fossil  soil  (Figs.  634,  635).  It 
is  evident  that  the  sequence  of  events  at  this  place  in  Jurassic  times 
was  as  follows :  1.  The  place  was  sea-bottom,  and  received  sediment 
which  consolidated  into  Portland-stone.  2.  After  being  flooded  and 
covered  with  river-deposit,  it  was  raised  to  land  and  became  forest- 


Fig.  634.— Section  in  Cliff  east  of  Lul- 
wortti  Cove:  a,  Dirt-bed. 


Fig.  635.— Section  in  the  Isle  of  Portland: 
a,  Dirt-bed. 


ground,  covered  with  trees  and  other  vegetation  peculiar  to  that  time, 
the  decaying  leaves  of  which  accumulated  as  a  rich  and  thick  vegetable 
mold.  3.  It  became  flooded  with  fresh  water,  and  the  trees  therefore 
died  and  rotted  to  stumps.  4.  The  whole  ground,  with  its  stumps  and 
logs,  became  covered  with  mud,  which  hardened  into  slates.  5.  Fi- 
nally, the  whole  was 
raised  into  high  land, 
and  in  the  first  figure 
(Fig.  634)  tilted  at  a 
considerable  angle. 

Thus,  we  have  here 
not  only  an  old  forest- 
ground  with  its  vegeta- 
ble mold,  but  also  the 
stumps  and  logs  of  the 
trees  which  grew  there, 
still  in  place  ;  and  closer 
examination  easily  detects  the  kinds  of  trees  which  grew  in  the  forest. 
They  are  Cycads  and  Conifers  (Figs.  636,  637,  and  641,  642).  Still  fur- 
ther, there  is  good  reason  to  believe  that  the  remains  of  some  of  the 
animals  which  roamed  these  forests  have  also  been  found.  Of  these 
we  will  speak  in  their  proper  place. 


Fig.  636. — Zamia  spiralis,  a  Living  C'ycad  of  Australia. 
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Plants. 

Although  the  conditions  under  which  coal  was  accumulated  were 
probably  similar  in  all  geological  periods,  yet  the  kinds  of  plants  out  of 


^^^^ 


Fio.  638. 


Fig.  637. 


Fio.  639. 


Fig.  640. 


Fio.  041. 


Fio.  642. 


Fios  637-fl42.-.TnnAasic  Plants- Cvcnrfscrnrf/Vrw^!.-  087.  Pterophyllum  complnm  (n  CNcad).  m 
licinitelites  Brownii  (n  I'Vrii)  039.  Conioptoris  Murrayaim.  040.  Pachypteris  lauceolata.  Con- 
ifers :  641.  Cone  of  a  Pine.  643.  Cone  of  an  Araucana. 
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which  the  coal  was  made  varied.  As  already  seen,  the  principal  coal- 
plants  of  the  Carboniferous  period  were  vascular  Cryptogams.  On  the 
contrary,  the  principal  coul-plants  of  the  Jurassic  period  were  Ferns, 
Ci/cads,  and  Conifers.  The  Jurassic  may  bo  called  the  age  of  Gyni- 
nosperms,  as  the  Carboniferous  was  the  age  of  Acrogens.  The  Gym- 
nosperms,  especially  the  family  of  Cycads,  reached  here  their  highest 
development.  This  is  shown  in  diagram  on  page  294.  The  leaves 
(Fig.  637)  and  short  stems  of  Cycas  and  Zamia  (Fig.  644)  are  found 
very  abundantly  in  connection  with  the  coal-bearing  strata.  It  is  prob- 
able, therefore,  that  the  coal  is  composed  largely  of  these  plants.  Some 
remains  of  Jurassic  plants  are  given  (Figs.  637-643),  and  also  of  living 
Cycads  (Figs.  636,  643),  for  comparison. 


Animals. 


The  animals  of  the  Jurassic,  marine,  fresh-water,  and  land,  were 
very  abundant,  and  have  been  well  preserved.  It  is  impossible,  there- 
fore, in  the  lower  depart- 
ments, to  do  more  than 
touch  lightly  the  most  sal- 
ient points.  In  the  higher 
departments  we  will  dwell  a 
little  longer. 

Corals  have  assumed  now 
the  modern  type  and  style 


FiQ.  643.-Cyca8  circinalis,  x^,  a  Living  Cycad  of  the     Fig.  644.— Stem  of  Cycndeoidea  megalo- 
Moluccas  (after  Decamne).  pliylla,  x  |.  "'^««'"- 

of  partitions  (Fig.  645).  Among  Echinodems,  the  Crinids,  or  plu- 
mose-armed Crinoids,  are  very  abundant  and  very  beautiful ;  in  fact, 
they  seem  to  have  reached  their  highest  point  in  abundance,  diver- 
sity, and  gracefulness  of  form  (Figs.  646,  647).  But  the  free  forms, 
Echinoids  and  Asteroids,  are  now  equally  abundant  (Figs.  648-650). 
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Fig.  646.  Fig.  648.  Fig.  650. 


Figs.  64,5-650.— Jurassic  Corals  AND  FcniNnDHTiMa:  645.  Prionastren  oblongata.  646.  Apiocrinns 
Roissianiis.  647.  Saccocoma  pectinata(a  freeCrinoid).  648.  Asteria  lombricalis.  649.  Clypeua 
Plotii.  650.  a  b,  Hemicidaris  crenularis. 


Brachiopods  are  still  abundant,  though  far  less  so  than  formerly ; 
but  they  now  belong  almost  wholly  to  the  modern  or  sloping-shouldered 


Fio.  051.  vellata. 
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types,  such  as  Tcrebratnla  and  Khynchonella.  Only  a  very  few  small 
specimens  of  the  Palaeozoic  type  linger  until  the  Lias. 

Lamellibranchs,  or  common  bivalves,  are  extremely  abundant. 
Among  the  common  and  characteristic  forms  are  Trigonia,  Gryph^a, 
and  Exogyra,  belonging  to  the  oyster  family  ;  and  the  strangely-shaped 


Fig.  658.  Fig.  659.  Fig.  656.  Fig.  657. 


Figs.  6.54-659.— .ItTHAssic  Lamellibranchs  and  Biiachiopodf.  op  England:  654.  Ostrea  Sowerbyi. 
655.  Pectenfibrosn.=.  6.56.  Oslrea  Marshii.  fi.57.  Rhynclionella  varians.  658.  Terebratula  sphse- 
roidalis.   659.  Terebratula  digona  (after  Nicholson). 


Diceras  (Fig.  651).  It  is  interesting,  also,  to  observe  here  the  first 
appearance  of  the  genus  Ostrea  (oyster). 

Cephalopods. — One  of  the  most  striking  characteristics  of  the  Juras- 
sic period  is  the  cul- 
mination of  the  class 
of  Cephalopods  in 
nnmher,  diversity  of 
forms,  and,  if  we  ex- 
cept some  of  the  Si- 
lurian Orthoceratites, 
in  size.  They  were 
represented  by  the 
Ammonites  and  the 
Belemnites,  the  one 
belonging  to  the  or- 
der of  Tetrabranchs, 
or  shelled,  the  other 
to  the  Dibranchs,  or  naked  Cephalopods.  It  is  important  to  observe 
that  the  highest  order  of  Cephalopods,  the  Dibranchs,  by  far  the  most 
abundantly  represented  at  the  present  time,  were  introduced  here  for 
the  first  time. 


Fig.  660. — Aninionites  Humphreysinnns. 
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Ammonites. — The  Ammonite  family,  which  is  distinguished,  as 
ah-oady  explained  (p.  329),  by  the  outer  or  ventral  position  of  the 
siphuucle  and  the  complexity  of  the  suture,  is  represented  in  extreme 


Fig.  66a  Pig.  664. 

Figs.  661-664. — Jurassic  CephaTjOpodei — Ammoni/.es :  661.  Ainnionites  bifronp.  662.  Ammonitf^ 
margarilaniis.  663.  Ammonites  Jason:  a,  side  view;  b,  showing  suture.  664.  Ammonites  cor- 
datus:  a,  side  view;  b.  showing  suture. 


Ammonite. 


Fio.  065.— Diagram  showing  Form  of  the  Siitnro.  Position  of  Sii)liuncle,  and  Order  of  First  Appear 

nnce  of  Families  In  Cephnlopods. 


JURASSIC  ANIAIALS. 


449 


abundance  by  the  type-genus  Ammonites*  Nearly  2,000  species  of  this 
genus  are  known,  ranging  in  time  from  tlie  Triassic  through  the  Creta- 
ceous. They  are  therefore  characteristic  of  the  Mesozoic.  They  varied 
extremely  in  shape,  and  in  size  from  half  an  inch  to  a  yard  or  more 
in  diameter.  The  accompanying  figures  represent  some  of  the  most 
common  species. 

In  the  genus  Ammonites  the  distinguishing  character  of  the  family, 
viz.,  the  complexity  of  the  suture,  reached  its  highest  point.    In  this 

genus,  the  edge  of  the  septa, 
which  was  only  zigzag  in  Gonia- 
tite,  and  lobed  in  the  Ceratite, 
becomes  elaborately  frilled.  We 
give  in  Fig.  665  the  form  of 
suture  in  the  type-genera  of  the 
different  orders  of  shelled  Cephal- 
opods,  in  the  order  of  their  first 
appearance.   In  each  case  the  su- 


Fro.  fifiO. 


Fig.  6B7. 


Figs.  666-668.-666.  Internnl  Shell  of  Belemnite  frestorerl  by  COrhiKny). 

by  Owen).   6G8.  A  living  Sepia  for  comparison 


Fig.  668. 
G67.  The  Animal  (restored 


ture  is  supposed  to  be  divided  on  the  inner  or  dorsal  surface,  and  spread 
out,  so  that  the  central  part  in  the  figure  represents  the  outer  or  ventral 
portion,  and  the  two  extremities  the  dorsal.  The  evolution  of  form  and 
structure  was  in  the  following  order :  First  the  straight  Ortlioceras,  then 


*  Thi3  genus  is  now  broken  up  into  many,  but  it  is  still  convenient  to  retain  the  name 
for  a  very  distinct  group  of  Cephalopods. 
30 
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the  CU 

suture 


rved  Gyroceras,  then  the  coiled  Nautiloids,  then  the  simple 
became  angled  in .  Gotviatite,  then  scalloped  in  Geratite,  and 
liuiiUy  complexly  frilled  in  Ammonite.  It  is  re- 
markable, however,  that  one  of  the  simpler  forms, 
viz.,  the  nautiloids,  although  also  one  of  the  earliest, 
has  outlived  them  all.  The  corresponding  figures 
on  the  left  are  sections  showing  the  position  of  the 
siphuncle. 

The  order  in  which  the  several  genera  appeared, 
and  their  continuance,  are  shown  in  the  diagram 
(Fig.  675)  on  page  451. 


Fig.  670. 


Fig.  669. 


Fig.  672. 


Fig.  673. 


Pio.  674. 

Froi  660-674 —Gfi!)  FoBsil  Tnk-Baes  of  Belemnites.  670.  Belcmnites  Owenii  P •  Jifti' 
tntur  672.  BelomnUcslicanaliculatUB.  673.  Bdemnites  clavat«8.  674.  Acanthotcuth.s  ant.- 
qiuis  (after  Mantcll). 

Belemnites.— The  Belemnite  (ISiXefivov,  a  dart)  was  nearly  allied  to 
the  squid  and  cuttle-fish  of  the  present  day.    Like  the  squid,  it  had 
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au  internal  bone  (the  pen  of  the  squid),  except  that  the  bone  is  much 
hiro-er  and  heavier  in  the  Belemnite.  It  is  this  bone,  or  the  lower  por- 
tion of  it,  which  is  usually  fossilized  (Figs.  670-673).  When  perfect 
it  is  expanded  and  hollow  at  the  upper  end,  and  in  the  hollow  is  a 
small,  conical,  chambered,  siphuncled  shell,  the  j^hragmocone.  Fig.  666, 
a  and  b,  shows  the  perfect  bone,  and  Fig.  670  the  upper  part  broken 
and  the  phragraocone  in  place.  Like  the  squid,  too,  it  had  an  ink-bag, 
from  which  it  doubtless  squirted  the  inky  fluid  to  darken  the  water 
and  escape  its  enemy.  These  ink-bags  are  often  well  preserved  (Fig. 
G69),  and  the  fossil  ink  has  been  found  to  make  good  pigment  (sepia), 
and  drawings  of  these  extinct  animals  have  actually  been  made  with 
the  fossil  ink  of  their  own  ink-bags  (Buckland).  Belemnites  were  some 
of  them  of  great  size,  and  evidently  formidable  animals.  The  bone  of 
the  Belemnites  giganteus  has  been  found  two  feet  long  and  three  to 
four  inches  in  diameter  at  the  larger  or  hollow  end.  A  very  per- 
fect specimen  of  an  allied  genus,  from  the  Oolite  of  England,  is  shown 
in  Fig.  674. 

The  following  diagram  shows  the  order  of  succession  of  families  of 
the  class  Cephalopoda : 
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Fio.  675.— Diagram  showing  Distribution  of  Cephalopods  in  Time. 
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We  have  shown  how  the  dilTerent  shelled  forms  were  derived.  Now 
the  phragmocone  corresponds  to  the  shell.   We  may  suppose  then  that  in 

naked  forms  the  shell  first  became 
small  and  then  was  overgrown 
and  inclosed  by  the  soft  parts. 

Crustacea.  —  Crustacea  were 
represented  in  the  Paljeozoic  first 
by  the  Trilobites;  then  Eurypte- 
rids;  then  Limuloids;  then,  in 
the  last  period,  by  a  few  Mac- 
rourans.  In  the  Triassic  the 
Macrourans  became  more  abun- 


Fia.  G77. 

Fiof.  676,  677.— Jurassic  Cbdstaceans:  676. 
Eryon  arctiformis,  Solenhofen.  677. 
Eryon  Barrovensis,  England. 

dant  and  of  more  modern  type.  In  the  Jurassic  the  Macrourans  con- 
tinue, with  also  many  Limuloids,  but  the  former  make  here  a  decided 
approach  to  the  Brachyourans  or  true  crabs,  by  the  shortening  of  the 

tail  in  some  (Fig. 
676) ;  and  the  ear- 
liest true  crab,  Pa- 
Iffiinachus — a  spi- 
der-crab— has  been 
found  in  the  Ju- 
rassic of  England. 
The  same  change — 
i.  e.,  shortening  of 
the  tail — may  be 
seen  in  the  embry- 
onic development  of 
a  crab  (Fig.  678). 

Insects.  —  As 
might  be  expected 
from  the  abundant 
forest  vegetation,  insects  have  been  found  in  considerable  numbers  and 
variety  (Figs.  679-684).  According  to  Heer,  1J3  species  of  insects  are 
known  from  the  Lias  alone.    Of  these,  about  three  fourths  are  beetles. 


Fio.  678.- 


-Development  of  Carcinns  mcenas:  A.  zocpa  stage;  B,  mega- 
lops  stage;  C,  final  state  (after  Couch). 
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The  earliest  of  the  higlier  group  of  insects  seem  to  have  been  intro- 
duced here,  although  they  do  not  become  abundant  until  the  Tertiary. 


Figs.  679-6S4.— Jurassic  Insects:  679.  Blattina  formosa  (after  Heer).  680.  Glaphyroptera  gracilis 
(after  Heer).  681.  ^sclma  eximia  (Hager).  682.  Libellula.  683.  Buprestidium.  684.  Hemero- 
bioides  giganteus. 


Fishes. — It  will  be  remembered  that  the  Elasmobranchs  of  the 
Palaeozoic  were  nearly  all  Cestracionts,  or  crushing-toothed  sharks.  The 
Hybodonts,  or  sharks  with  teeth  pointed,  but  rounded  on  the  edges, 
commenced  in  the  Carboniferous  and  increased  in  the  Triassic.  Now, 
in  the  Jurassic  the  Cestracionts  continue  (Fig.  685),  but  in  diminished 
numbers.  The  Hybodonts  culminate  (Fig.  686),  and  the  Squalodonts, 
or  modern  sharks,  with  lancet-shaped  teeth,  commence  in  small  numbers. 
Kays  (Fig.  687),  which  may  be  regarded  as  among  the  most  specialized 
of  Elasmobranchs,  are  found  in  considerable  numbers  in  the  Jurassic. 

Ganoids  continue,  but  take  on  far  more  modern  forms,  and  have 
now  in  most  cases  lost  the  vertrebrated  structure  of  the  tail-fin,  thus 
foreshadowing  the  Teleosts,  which  appear  in  the  next  period.  Among 
the  most  characteristic  Ganoids  of  this  period,  and,  in  fact,  of  this  age, 
are  the  Pycnodonts,  a  family  characterized  by  a  broad,  flat  body,  rhom- 
boidal  enameled  scales,  pavement  palatal  teeth,  and  persistent  noto- 
chord  (Fig.  688). 
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Reptiles.— The  huge  reptiles  which  form  the  distinguishing  feat- 
ure of  this  age  culminate  in  the  Jurassic  period.    Their  number  and 


Fig.  688. 

Figs.  685-688.— Jurassic  'FiSHTSs—Elasrmbranchs:  685.  Tooth  of  Acrodus  nobilic  686.  Hybodue 
reticulatiis.  Spine  and  Tooth.  687.  Sqiiatina  acanthoderma.  688.  Ganoid:  Tetragonolepis,  re- 
stored, and  Scales  of  the  same. 


variety  are  so  great  that  we  can  only  select  a  few  from  each  order  for 
description.  They  were  emphatically  rulers  in  every  department  of 
Nature — ^rulers  of  the  sea,  of  the  land,  and  of  the  air.  We  shall  treat 
of  them  under  the  three  heads  thus  indicated,  viz.  :  1.  Enaliosaurs 
(sea-saurians),  or  rulers  of  the  sea;  2.  Dinosaurs  (huge  saurians),  or 
rulers  of  the  land ;  and,  3.  Pterosaurs  (winged  saurians),  or  rulers  of 
the  air.  The  first  were  wholly  swimming,  the  second  walking,  the 
third  flying,  saurians.  Intermediate  between  the  first  and  second  Avas 
a  fourth  order,  the  Grocodilians,  which  both  swam  and  crawled. 

1.  Enaliosaurs. — From  the  immense  variety  of  these  we  select  only 
two  for  description  as  representative  genera,  viz..  Ichthyosaurus  and 
Plesiosaurus  (Figs.  689  and  690). 

The  Ichthyosaurus  {fish-lizard)  was  a  huge  animal,  in  some  cases 
thirty  to  forty  feet  in  length,  with  a  stout  body,  short  neck,  and  enor- 
mous head,  sometimes  five  feet  long,  and  jaws  set  with  large  conical, 
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Striated  teeth,  sometimes  200  in  number.  The  enormous  eyes,  some- 
times fifteen  inches  in  diameter,  were  provided  with  radiating,  bony 


Figs  689-692.— Jurassic  R^VTtL^a— Ichthyosaurus  and  Plesiosaurvs :  689.  Ichthyosaurus  coramn- 
nis  X  690.  Plesiosaurus  dolichodeirus.  restored,  x  Jg.  691.  Vertebraj  of  Ichthyosaurus  and 
Section  of  same,  showing  structure.   692.  Tooth  of  Ichthyosaurus,  natural  size. 


plates  (sclerotic  bones),  as  are  the  eyes  of  birds  and  some  living 
and  many  extinct  reptiles,  apparently  for  adjusting  the  eye  to  dif- 
ferent distances.    The  tail  was  long,  and  provided  terminally  with  a 


FiQ.  693.— Ichthyosaurus  quadriscissus,  found  in  Wflrtemberg,  showing  Tail-Fin  and  Dorsal  Fin, 

X  ^  (after  Fraas). 


vertical,  Jin-like  expansion,  unsupported  by  rays  (Owen).  This  pre- 
vision of  Owen  has  been  entirely  verified  by  recent  discoveries  in  the 
Lias  of  Wiirtemberg  of  specimens  which  clearly  show  this  vertical  ex- 
pansion, and  also  the  remarkable  fact  that  the  vertebral  column  runs 
into  the  lower  instead  of  the  upper  lobe,  as  in  sharks.  Median  dorsal 
fins  are  also  shown  (Fig.  693).  In  addition  to  the  powerful  fin  tipped 
tail,  the  locomotive  organs  were  four  short  stout  paddles,  composed  of 
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numerous  closely-united  boues,  but  witliout  distinct  toes.  These 
paddles  were  surrounded  by  an  expanded,  ray-supported  web  (Fig. 
694),  which  greatly  increased  their  surface,  and  therefore  their  effi- 
ciency as  swimming-or- 
gans (Lyell).  The  bod- 
ies of  the  vertebras  were 
not  united  by  ball-and- 
socket  joint,  as  in  most 
living  reptiles,  but  were 
hi-concave  (amphicce- 
lous),  like  those  of  fishes 
(Fig.  691). 

That  the  habits  of 
the  creature  were  preda- 
tory and  voracious  is  suf- 
ficiently attested  by  the  teeth.  It  is  further  proved  by  the  contents  of 
the  stomach,  which  are  sometimes  partly  preserved.  These  consist 
largely  of  fish-scales. 

From  the  description  given  above  it  is  plain  that  the  Ichthyosaurus 
combined  in  a  remarkable  degree  the  characters  of  saurian  reptiles 
with  those  of  fishes.  The  vertically-expanded  tail- 
tip,  the  paddles,  with  surrounding  ray-supported 
web,  and  the  bi-concave  vertebral  bodies,  are  all  de- 
cided fish  characters.  In  most  other  respects  it  was 
reptilian.   This  combination  is  expressed  in  the  name. 


Fio.  694.— Paddle-Web  of  an  Ichthyosaurus. 


Fig.  695.— a,  Head  of  a  Pliosauras,  greatly  reduced;  b,  Tooth  of  the  same,  natural  size. 

The  Plesiosaurus  (allied  to  a  lizard)  was  a  less  heavy  and  powerful 
animal  than  the  last.  It  was  remarkable  for  its  short,  stout,  almost 
turtle-shaped  body ;  its  long,  snake-like  neck,  consisting  of  twenty  to 
forty  vertebrse ;  its  small  head  ;  its  short  tail,  unadapted  for  powerful 
propulsion ;  its  long  and  powerful  paddles,  which  were  its  sole  swim- 
ming-organs ;  and  its  bi-concave  vertebral  bodies.  Recent  discoveries 
in  Kansas  show  that  sclerotic  bones  were  present  in  this  order  also.* 
Sixteen  species  have  been  found  in  the  Jurassic  and  Cretaceous  rocks 


*  Williston,  Science,  vol.  xvi,  p.  262,  1890. 
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of  Great  Britain  alone,  and  one,  P.  doUchocleirus,  was  twenty-five  to 
thirty  feet  long  (Fig.  090),  with  paddles  six  to  seven  feet  long. 

The  Pliosaurus  (more  lizard-like)  (Fig.  095)  had  the  large  head 
and  short  neck  of  the  Ichthyosaurus,  with  the  powerful  paddles  of 


Fig.  696.— Paddle  of  a  Pliosaurus,  x  5^,. 


the  Plesiosaurus.  A  perfect  paddle  of  this  animal  has  been  found 
seven  feet  long  (Fig.  690)  ;  the  animal  was  probably  at  least  forty 
feet  long. 

Intermediate  between  this  group  and  the  next — inhabiters  both  of 
land  and  water — Crocodilians  existed  in  great  numbers,  and  of  great  size. 


FiQ.  697. — Teleosaurus  brevidens:  a,  skull;  b,  side  view  of  snout  showing  the  teeth  (after  Phillips). 

Some,  like  the  Teleosaurus  (Fig.  697),  were  narrow-snouted  like  the  Ga- 
vials  of  the  Ganges,  but  had  amphicoelous  vertebrae  like  the  Enaliosaurs. 

2.  Dinosaurs. — Among  these  were  the  largest  reptiles — in  fact,  the 
largest  land-animals  that  have  ever  existed.  They  were  also  in  many 
respects  the  highest  of  all  reptiles,  since  they  possessed  many  characters 
which  connected  them  closely  with  mammals,  and  especially  with  birds. 

Connecting  Characters. — The  most  important  of  these  were :  (1) 
Large  limb-bones  and  firm  sacrum  composed  of  several  (four  to  five) 
consolidated  vertebrae.  These  characters  show  that  these  animals 
walked  with  a  free  step,  the  body  well  borne  above  the  ground,  like  mam- 
mals and  birds,  and  did  not  crawl  in  the  manner  of  reptiles.  (2)  In 
many  cases  the  hind-legs  were  very  large  and  long,  and  the  fore-legs  very 
small  in  comparison.  This,  together  with  the  backward  elongation  of  the 
ischium  (Fig.  698,  B) — suitable  for  erecting  the  body — show  that  some 
of  them  walked  habitually  on  their  hind-legs  alone,  in  the  manner  of 
birds.  (3)  Like  birds  and  some  mammals,  many  Dinosaurs  tread  on 
their  toes  (digitigrade)  and  not  like  reptiles  on  the  whole  foot  (planti- 
grade).  (4)  Like  birds,  also,  many— but  not  all— had  only  three  func- 
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tional  toes,  and  therefore  made  tridactylc  tracks ;  and  even  the  number 
of  toe-joints  follows  the  order  of  those  of  birds— i.  e.,  there  were  three 


Fig.  698.—^,  Dromieus;  B,  Dinosaur;  C,  Crocodile:  As,  astragalus;  Ca,  calcaneum. 


in  the  inner  toe,  four  in  the  middle,  and  five  in  the  outer  toe.  (5) 
Still  more  curious  is  the  resemblance  to  birds,  in  the  structure  of  the 
ankle-joint.  In  mammals  the  joint  is  between  the  shank-bones  and 
the  tarsus.  In  reptiles  the  motion  takes  place  in  the  middle  of  the 
tarsus.  In  birds  the  upper  tarsals  (astragalus  and  calcaneum)  are 
consolidated  with  the  shank  and  the  lower  tarsals  with  the  metatarsals, 
and  the  joint  is  of  course  between  these  two  bones.  Now  some  Dino- 
saurs are  like  birds  in  this  regard.  Fig.  698,  ABC,  illustrates  this 
point.    We  shall  very  briefly  describe  only  the  most  remarkable. 

The  Iguanodo7i  was  one  of  the  best  known  as  well  as  one  of  the 
largest.  It  was  a  huge  herbivorous  Dinosaur,  found  in  the  Upper 
Jurassic  and  Lower  Cretaceous  of  Europe.  It  takes  its  name  from 
the  resemblance  of  its  teeth  (Fig.  699)  to  those  of  an  Iguana — a  living 
herbivorous  reptile,  about  four  or  five  feet  long,  although  in  other 
respects  there  is  little  affinity.  Until  recently,  only  portions  of  the 
skeleton  were  found ;  but  the  enormous  size  of  these  indicated  an  ani- 
mal nearly  thirty  feet  long,  and  exceeding  the  weight  of  an  ele- 
phant. It  was  impossible  from  these  to  form  any  idea  of  its  general 
appearance.  In  1880,  however,  several  complete  skeletons  were  found 
by  DoUo  in  the  Wealden*  of  Belgium,  and  restored  first  by  Dollo 


*  The  Wealden  is  a  transition  between  the  Jurassic  and  Cretaceous,  sometimes  put  in 
the  former  and  sometimes  iu  tlie  latter. 
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and  then  more  perfectly  by  Marsh.  From  these  it  is  learned  that  the 
animal  certainly  walked  on  its  hind-legs,  using  its  powerful  tail  also 
as  a  support ;  also  that  the  anterior  part  of  its  jaws  was  toothless  and 
covered  with  horn,  so  as  « 
to  form  a  nipping-beak 
like  a  turtle's.  Fig.  700 
is  a  restoration  by  Marsh. 

The  Megalosaur  was  a 
somewhat  smaller  but  a 
more  formidable  carniv- 
orous reptile,  which  lived 
through  the  whole  Juras- 
sic period.  Its  huge  jaws 
were  armed  with  large, 
curved,  flattened,  saber- 
like teeth.  A  femur  has 
been  found  forty  -  two 
inches  long  (Phillips),  and 
a  tibia  thirty-six  inches.  The  animal  was  at  least  thirty  feet  long 
(Owen).    The  Megalosaurs  also  were  bipedal. 

The  Oeteosaur  (whale-lizard)  was  the  largest  reptile  yet  found  in 
Europe,  though  much  larger  have  been  found  in  the  Jurassic  of  the 
United  States.    It  has  been  classed  among  the  Crocodilians,  but  Prof. 


Fig.  699. — Tooth  of  an  Iguanodon. 


Fig.  700.— Iguanodon  BerniseartensiB,  Boulenger,  x  ^,  Upper  Jura,  Belgium  (after  Marsh). 

Huxley  has  shown  that  its  true  position  is  among  the  Dinosaurs.  A 
thigh-bone  has  been  found  sixty-four  inches  long,  27-5  inches  in  cir- 
cumference at  the  shaft,  forty-six  inches  and  44-25  inches  in  circum- 
ference at  the  two  ends  respectively.    According  to  Phillips,  the  ani- 
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mal  was  at  least  fifty  feet  long,  ten  feet  high  when  standing,  and  of  bulk 
l)roportiouate.    It  was  like  the  Iguanodon  a  vegetable  feeder. 

The  Ihjlceomur  was  another  herbivorous  reptile  of  the  same  period. 
The  Compsognatlms  was  a  carnivorous  reptile  of  smaller  size,  but  of 

most  extraordinary  bird-like  cliaracter,  viz., 
small  head,  long,  flexible  neck,  large  and  long 
hind-leg,  and  small  and  short  fore-leg.  From 
its  structure,  it  must  have  walked  habitually 
on  its  hind-legs  alone,  and  in  this  position  was 
about  two  feet  high  (Fig.  701). 

As  an  example  of  a  European 
quadrupedal  Dinosaur  we  give 
a    restoration    by    Marsh  of 
the  Scelidosaurus  (Fig.  702),  an 
herbivorous  Di- 
nosaur allied  to 
the  Stegosaur  (p. 
480). 

3.  Ptero- 
saicrs.  —  These 
flying  reptiles 

were  certainly  among  the  most  extraordinary  animals  that  have  ever 
existed.  The  order  includes  several  genera,  but  we  will  describe  only 
the  best  known,  viz.,  the  Pterodactyl  (wing-finger),  and  the  Rham- 
phorhynchus  (beak-snout). 


Fio.  701. — Compsognathus  (restoration  by  Marsh; 


FiQ.  702.— Scelidosaurus  Harrisonii,  Owen,  x  ^,  Jurassic,  England  (restored  by  Marsh). 

The  Pterodactyl  (Fig.  703)  combined  the  short,  compact  body;  the 
strong  shoulder-girdle,  firmly  united  with  the  keeled  sternum ;  the 
short,  aborted  tail ;  the  long,  flexible  neck,  and  hollow,  air-filled  limb- 
bones,  characteristic  of  birds — with  the  head,  and  jaws,  and  teeth,  of  a 
reptile,  and  the  membranous  wings  of  a  bat.  In  the  bat,  however,  the 
membrane  is  supported  h'^  four  fingers,  enormously  elongated  for  the 
purpose,  and  only  one  finger  is  free  and  clawed  ;  while  in  the  Pterodactyl 
there  is  only  one  finger  that  is  enormously  elongated  and  strengthened 
for  the  support  of  the  web,  and  the  others  are  free  and  clawed. 
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The  Rhamphorhynchus  differed  from  the  Pterodactyl  in  having  a 
long  tail ;  and  in  one  species,  R.  phyllurus  (Fig.  704)  (leaf -tail),  this 
was  vertically  expanded  at  the  tip  so  as  to  act  as  a  rudder  in  flying. 


Fig.  704.— Rhamphorhynchus  phyllnnis  (after  Marsh). 


Pig.  705.-Rcstor«tion  of  llhamphorhytichus  phyllurus  (after  Marsh). 


One  seventh  natural  size. 
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In  a  specimen  from  the  celebrated  Solenhofen  limestone  of  Bavaria 
and  now  in  possession  of  Prof.  Marsh,  even  the  membranes  of  the 

wings  were  perfectly 
preserved  (Fig.  704). 
Fig.  705  is  a  restoration 
of  this  species  in  flight. 
The  Pterosaurs  were 
of  '  many  kinds,  which 
varied  in  size  from  two 
or  three  feet  to  eighteen 
or  twenty  feet  in  alar 
extent. 

Birds. — The  class  of 
Birds  is  now  so  dis- 
tinctly separated  from 
all  others  and  the  con- 
necting links  obliter- 
ated, that  the  earliest 
birds  are  of  especial  in- 
terest as  throwing  light 
on  the  evolution  of  this 
class.  Until  1862  birds 
had  been  found  only  in 
the  Tertiary,  and  these 
were  already  distinctly 
differentiated  as  typical 
birds ;  but  in  that  year 
there  was  found  in  the 
Solenhofen  limestone, 
so  celebrated  for  its  mar- 
velous preservations  of 
organisms,  a  flying 
feathered  biped,  and 
therefore  presumably  a 
bird.  But  how  different  from  our  usual  conceptions  of  this  class ! 
Along  with  its  distinctive  bird-characters  of  feet,  limb-bones,  beak, 
and  especially  of  feathered  wings,  it  had  the  long  tail  (Fig.  706) 
and  toothed  jaivs  (Fig.  708)  of  a  reptile.  The  structure  of  the  tail  is 
especially  significant.  In  ordinary  birds  the  tail  proper  is  shortened 
up  to  a  rudiment,  and  ends  in  a  large  bone,  from  which  radiate  the 
feathers  of  the  tail-fan.  In  this  earliest  bird,  on  the  contrary,  the  tail 
proper  is  as  long  as  all  the  rest  of  the  vertebral  column  put  together, 
consisting,  as  seen  in  the  figure  (Fig.  707),  of  twenty-one  joints  from 
which  the  fan-feathers  come  off  in  pairs  on  each  side.    The  tail-fan 


Fig.  706. — Archaeopteryx  macrou- 
ra,  X  J  (after  Dames). 
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of  this  bird  differs  from  that  of  typical  birds  precisely  as  the  tcal-fin  ot 
earliest  fishes  differs  from  that  of  typical  fishes.  The  tail-fan  of  this 
earliest  bird,  like  the  tail-Jin  of  eai'liest  fishes,  was  vertebrated.  Ihis 
wonderful  reptilian  bird  was  called  Archceopteryx  (primordial  winged 
creature),  and  the  species  macroura  (long-tailed). 

In  1873  another  specimen  of  Archa3opteryx  was  found  in  the  same 
locality,  and  is  now  in  the  Berlin  Museum.  This  Berlin  specimen  has 
been  carefully  examined  by  Vogt,  Marsh,  and  Dames  (Figs.  706  and 
708).    From  "examination  of  these  two  specimens  the  following  singu- 


Fio.  707.— A,  Tail  of  Archreopteryx  macroura:  B,  Vertebrae  enlarged;  C,  a  Feather;  D,  Tail  of  a 

Vulture;  E,  side  view  of  the  same. 

lar  combination  of  bird  and  reptilian  characters  have  been  made  out. 
Among  bird  characters  are  (1)  The  strong  shoulder-girdle  and  keeled 
sternum  necessary  for  flying  (but  Pterosaurs  also  have  these).  (2)  A 
horny  beak  (but  turtles  and  Rhynchosaurs  and  some  Dinosaurs  have 
this).  (3)  Tridactyl  feet  (some  Dinosaurs  have  these).  (4)  Feathered 
wings  and  tail.  But,  along  with  these,  besides  the  toothed  jaws  and 
long  tail  of  reptiles,  already  mentioned,  there  were  also  the  following 
characters:  1.  The  metacarpals  and  possibly  the  metatarsals  (three  in 
number)  were  separate,  as  in  reptiles  and  embryo  of  birds.  2.  The  three 
fingers  were  all  free  and  armed  with  claws.  In  fact,  except  for  the  feath- 
ers, the  fore-limbs  were  more  like  legs  than  wings.  3.  The  pelvic  bones 
were  unconsolidated,  as  in  reptiles  and  embryo  of  birds.  So  complete 
is  the  mixture  of  the  two  kinds  of  characters  that  some  zoologists  (Vogt) 
believe  that  the  reptilian  characters  predominate,  and  that  it  should  be 
called  a  bird-lilce  reptile.  Most  agree,  however,  that  it  is  a  reptilian  bird. 
It  is  interesting  to  note  the  different  ways  in  which  the  same  func- 
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tion — that  of  flying — is  effected  in  different  animals,  without  violating 
the  law  of  limb-structure.  In  the  Bat  the  resisting  plane  is  produced  by 


Via.  708.— Head  of  Archoeoptcryx  macroura  (after  Dames). 


stretching  a  membrane  between  the  enormously  elongated  palm-bones 
and  finger-bones ;  in  the  Pterodactyl  only  one  finger  is  enormously  en- 
larged and  elongated  for  this  purpose  ;  in  the  Bird  the  same  bones  are 


A  BO  D 

Pig.  709.— il,  Foro-limb  of  Bat;  B,  Bird;  C,  Archicoptoryx;  1).  Pterodactyl.  The  dotted  lines  pass 

through  corresponding  puns. 

shortened  and  consolidated,  and  the  resisting  plane  is  got  by  the  use 
of  feathers.  This  was  the  method  also  in  the  Archgeopteryx,  but  the 
consolidation  was  not  yet  complete.  Fig.  709  represents  wings  of  these 
four  kinds— the  dotted  lines  run  through  corresponding  parts,  and 
show  the  identity  of  structure.  • 
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Origin  of  Birds.— Tliere  cun  be  no  doubt,  then,  that  Birds  came 
from  Reptiles.  Further,  it  is  most  probable  that  tlmj  came  from 
Dinosaurs.  It  is  true  that  Dinosaurs  are  the  largest  of  reptiles,  while 
birds,  with  some  exceptions,  are  comparatively  small  animals;  but 
Marsh  has  shown  that  some  American  Dinosaurs  were  very  small.  The 
time  of  their  origin,  or  separation  from  the  reptilian  stem,  is  still  doubt- 
ful, but  the  wonderfully  reptilian  character  of  Archasopteryx  shows 
that  it  can  not  be  far  from  the  point  of  origin.  It  was  probably  in 
the  Lower  Jurassic  or  Upper  Triassic. 

Mammals. — We  have  already  seen  (p.  438)  that  the  first  appearance 
of  this  class  was  in  uppermost  Trias ;  but  as  these  were  few  in  num- 
ber, and  very  near  the  confines  of  Jurassic,  we  regarded  them  as  an- 
ticipations and  put  off  their  discussion.  In  the  Jurassic  this  anticipa- 
tion was  fully  realized.  In  the  same  formation  (Upper  Jurassic)  in 
which  we  found  the  old  forest-ground  (p.  443)  have  been  found  also 
fourteen  genera  of  small  mammals.    To  this  may  be  added  five  genera 


Fm.  712.  Pig.  713.  FiQ.  714. 

Figs.  710-714.— Jurassic  Mammals:  710.  Amphitherinm  Prevostii.   711.  Phascolotherium.  712. 
Amphitherium.   713.  Triconodon.   714.  Plagiaulax. 


from  a  lower  horizon  (Stonefield  states).  If  we  add  to  these  again 
fourteen  genera  (twenty-five  species),  recently  described  by  Marsh, 
from  the  American  Jurassic,  we  have  at  least  thirty-three  Jurassic  gen- 
era known.  Besides  these,  at  least  five  genera  are  found  in  the  Upper 
Trias  of  all  countries,  and  sixteen  genera  (twenty-four  species),  recently 
(1889)  described  by  Marsh,  from  Upper  Cretaceous  (Laramie).  We 
may  say,  therefore,  that  there  are  now  known  at  least  fifty-four  genera 
of  Mesozoic  mammals.  The  number  of  species  is,  of  course,  much 
greater. 

Affinities  of  Jurassic  Mammals. — The  Jurassic,  and  indeed  the  Meso- 
zoic mammals,  as  contrasted  with  mammals  of  later  times,  may  be 
characterized  in  a  general  way  as  small  insectivorous  marsupials,  or, 
perhaps  better,  as  a  type  connecting  insectivores  and  marsupials,  and 
therefore  lower  and  more  generalized  than  either.  They  were,  esjie- 
cially  the  earliest  or  Triassic,  decidedly  reptilian  in  some  of  their  char- 
acters. Of  these  we  mention  only  two. 
31 
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1.  Teelk.—K  glance  at  Fig.  715,  a,  in  comparison  with  figure  of  Tlie- 
riodont  (Fig.  030,  0),  on  page  437,  sliows  that  tlio  teeth  of  some  of  tlie 


a  b  c  d  e  f 

Fk;.  715.— a  Series  of  MoLAns  op  TniAssio  and  JniiAasio  Mammal":  a,  nroinalheriiim:  b.  Micro- 
couoilon;  c,  Aiiipliilobteti;  d,  Pliascolotlierium;  «,  Tricouodon; /,  Splulucotherium(uf  lur  Osborii). 


earliest  mammals  differed  little  from  those  of  Theriodont  reptiles;  in 
Avhioh,  as  already  explained,  the  tubercnlation  of  the  molars  character- 
istic of  mammals  had  already  commenced.  In  the  subsequent  course 
of  evolution  the  subordinate  cusps  of  Fig.  715,  a,  b,  c,  e,  were 
shifted  outward  in  the  upper  jaw  and  inward  in  the  lower  jaw,  so  that 
the  cusps  interlocked.  This  forms  the  tri tubercular  molar  of  Cope 
(Fig.  715,/),  so  common  in  Mesozoic  animals.  From  this  simple  gen- 
eralized type  were  afterward  developed  the  more  complex  molars  of  the 
specialized  animals  of  the  Tertiary  and  present  time. 

2.  Reproduction. — There  seems  to  be  no  doubt  that  many  of  these 
animals  were  marsupials,  although  more  generalized  than  any  existing 
marsupials.  Now,  marsupials  in  their  reproduction  approach  reptiles. 
In  typical  mammals  the  embryo  is  attached  to  the  mother  by  the  pla- 
centa, so  that  the  whole  embryonic  development  is  loithin  the  uterus ; 
in  marsupials,  on  the  contrary,  thei'e  is  no  placental  attachment,  and 
therefore  the  intra-uterine  development  is  very  short  and  imperfect, 
and  is,  in  fact,  completed  outside  the  uterus  in  the  pouch  (marsupium). 
In  true  mammals  the  whole  embryonic  development  is  within  (gesta- 
tion), and  the  young  are  born  in  pei'fect  condition.  They  are  young- 
bearers  {viviparous).  In  birds  and  reptiles — egg-bearers  (oviparous) — 
the  whole  of  the  development  takes  place  ivithotit  (incubation).  In 
marsupials  the  development  is  partly  within  iut  mostly  without. 
These,  therefore,  may  be  called  semi-oviparous.,  or  reptilian  mammals. 

Thus  the  class  of  mammals  has  been  divided  into  two  sub-classes — 
placentals  or  true  mammals,  and  non-placentals  or  reptilian  mammals. 
The  latter  includes  the  mm'supials,  semi-oviparous,  and  the  monotremes 
(Ornithorhynchus,  Echidna,  etc.),  which  are  true  egg-layers  (ovipa- 
rous), like  birds  and  reptiles.  The  non-placentals,  with  the  exception 
of  a  few  opossums  in  America,  are  wholly  confined  now  to  the  Aus- 
tralian region.  In  Jurassic  times  they  roamed  in  great  numbers  all 
over  Europe  and  America. 

Origin  of  Mammals.  — In  Theriodonts  we  see  reptiles  reaching 
upward  and  forward  toward  mammals.  In  Jurassic  and  especially 
Triassic  mammals  wc  see  this  class  reaching  downward  and  back- 
ward toward  reptiles.    But  the  point  of  union  has  not  yet  been 
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found.  The  lowest  and  most  reptilian  of  mammals,  the  egg-laying 
monotremes,  have  not  yet  with  cert(ti)dy  been  found  fossil ;  but 
the  calcified  teeth  recently  found  in  the  embryo  of  the  Ornithorhyn- 
chus  so  strongly  resemble  the  teeth  of  one  family  of  Mesozoic  mam- 
mals—viz., the  Allotheria  (Fig.  848,  p.  519)— that  it  is  now  believed 
that  these  were,  indeed,  monotremes.  It  is  probable,  therefore,  that 
tlie  point  of  union  between  the  classes  reptiles  and  mammals  will 
be  found,  not,  indeed,  in  monotremes  proper  (for  these  are  already 
specialized),  but  in  a  genernlized  type  connecting  monotremes  and  mar- 
supials. The  time  of  origin  was  probably  the  Lower  Trias  or  Upper 
Permian.  The  earliest  mammals,  such  as  the  Microlestes  and  the  Dro- 
matherium  from  the  American  Trias,  were  not  far  removed  from  such 
a  generalized  type.  The  order  of  evolution  has  been  expressed  by 
Huxley  thus :  1.  Hypotheria  (below  mammals) ;  2.  Prototheria  (first 
or  lowest  mammals) ;  3.  Metatheria  (transition  mammals) ;  and,  4. 
Eutheria  (perfect  or  true  mammals).  The  first  is  represented  by  the 
Theromorphs  of  Permian  and  Trias,  or,  better,  by  a  generalized  type 
between  these  and  the  monotremes  ;  the  second  by  a  hypothetical  gen- 
eralized type  connecting  monotremes  and  marsupials  of  the  Triassic ; 
the  third  by  insectivorous  marsupials  of  the  Jurassic,  and  the  fourth 
by  the  true  placentals  of  the  Tertiary.  Further,  it  is  probable,  as 
suggested  by  Osborn,*  that  the  Prototheria  of  the  Triassic  separated 
very  early  into  two  branches  of  Metatheria — one  more  like  the  mar- 
supial, the  other  like  insectivora.  From  the  latter  came  the  Eutheria, 
which  again  diiferentiated  into  many  specialized  orders. 

Mammals,  then,  existed  in  considerable  numbers  in  the  Jurassic. 
These,  however,  were  not  able  to  contend  with  the  great  Dinosaurs. 
It  was  still  the  age  of  reptiles.  This  class  not  only  predominated,  but 
impressed  their  character  on  all  higher  classes.  The  birds  and  the 
mammals  were  still  reptilian.  From  the  reptilian  stem  the  bird  and 
mammal  branches  were  not  yet  so  completely  separated  that  connect- 
ing links  were  obliterated. 

Section  3. — Jura-Trias  in  America. 

We  have  already  explained  that  these  two  periods  are  not  well  sepa- 
rated in  America.  This  is  partly  on  account  of  the  poverty  of  fossils, 
and  partly  on  account  of  the  continuity  of  conditions  throughout.  It 
seems  best,  therefore,  in  the  present  state  of  knowledge  to  treat  them 
together  as  one  period.  Doubtless  they  will  be  better  separated  here- 
after. 

Distribution  of  Strata.— 1.  Atlantic  Border.— Lying  in  plication- 

*  Mosozoic  Mammalia,  p.  261,  Transactions  of  tlie  Academy  of  Sciences,  Philadelphia 
vol.  ix,  No.  2,  1888.  ' 
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hollows,  or  denudation-hollows,  uncoiiformably  on  the  gneiss  (meta- 
morphic  Archa3an  or  Cambrian)  of  the  eastern  slope  of  the  Appala- 
chian chain,  are  found  very  remarkable  isolated  patches  of  sandstones 
or  sandstones  and  shales,  which  are  referred  to  this  period.  These 
liatches  are  strung  along  nearly  parallel  to  the  chain,  and  to  the  coast, 
from  Nova  Scotia  to  the  border  of  South  Carolina.  They  are  repre- 
sented on  the  map  (p.  302)  by  oblique  lines.  One  of  them  is  found  in 
Prince  Edward's  Island,  another  in  Nova  Scotia;  another  is  the  cele- 
brated Connecticut  River  Valley  sandstone  ;  a  fourth  commences  in 
New  Jersey,  passes  as  a  narrow  strip  through  Pennsylvania,  Maryland, 
and  into  Virginia ;  a  fifth  and  sixth  form  the  Richmond  and  Piedmont 
coal-fields  of  Virginia;  a  seventh  and  eighth,  the  Dan  River  and  Deep 
River  coal-fields  of  North  Carolina.  As  they  are  isolated,  and  without 
contact  with  any  other  formation  unless  unconformably,  their  age  can 
not  be  even  conjectured  from  their  stratigraphical  relations ;  but  the 
few  fossils  which  they  contain  seem  to  refer  them  either  wholly  to  the 
Triassic,  or  else,  more  probably,  partly  to  the  Triassic  and  partly  to 
the  lower  Jurassic. 

In  connection  with  nearly  all  these  patches  are  found  columnar 
trap  or  dolerite  ridges.  These  are  interstratified  with  the  sandstones, 
and  were  partly  outpoured  on  the  sediments  while  these  were  deposit- 
ing, and  partly  forced  subsequently  between  the  strata  (Davis).  Mounts 
Tom  and  Holyoke  are  examples  in  the  Connecticut  Valley,  the  Pali- 
sades of  the  Hudson  in  the  New  Jersey  patch ;  similar  trap-ridges  are 
also  found  in  all  the  other  patches. 

2.  Plains  and  Rochxj  Mountain  Region. — The  geology  of  this  re- 
gion is  still  little  known,  but  there  seems  no  doubt  that  Jura-Triiis  is 
widely  distributed  though  largely  concealed  by  subsequent  deposits  of 
Cretaceous  and  Tertiary.  They  are  exposed,  however,  in  narrow  bands 
on  the  flanks  of  the  Black  Hills,  the  Colorado,  Uintah,  and  Wahsatch 
Mountains,  and  over  wider  areas  in  Northwest  Texas,  New  Mexico, 
Arizona,  and  Utah,  where  they  are  called  "  Red  hods.''''  Their  outcrop 
form  one  of  the  most  conspicuous  erosion-cliffs  (p.  282)  of  the  region 
north  of  Grand  Caflon.  As  may  be  inferred  from  their  almost  univer- 
sal red  color,  they  are  very  barren  of  fossils.  The- same  might  be  in- 
ferred from  the  presence  of  great  beds  of  gypsum  in  the  Plateau  region 
and  beds  of  salt  in  Kansas. 

3.  Basin  Region  and  Pacific  Border. — They  occur  also  over  all  the 
western  part  of  the  Basin  region.  Covered  in  the  valleys  by  recent 
deposits,  but  exposed  on  the  flanks  of  all  the  mountains.  On  both 
sides  of  the  Sierra  and  Cascade  Ranges  they  occur  as  the  auriferous 
slates  of  California  and  northward. 
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Life- System. 

The  cliaracterization  of  the  life-system  of  tlie  Jura-Trias  period 
in  America  is  best  brought  out  in  connection  witii  a  description  of 
some  of  the  more  interesting  localities  and  of  tlieir  remarkable  records. 

Connecticut  River  Valley  Sandstone— The  Strata.— Tliis  locality 
has  been  made  classic  ground  for  the  geologist  by  the  indefatigable 
labors  of  the  late  President  Hitchcock,  of  Amherst.   The  strata  border 


Fig.  716.— General  Section  across  Connecticut  River  Sandstone  (after  Davis):  The  black,  trap. 

the  Connecticut  River,  on  both  sides,  through  the  whole  of  Massachu- 
setts and  Connecticut,  as  far  as  Middletown,  where  the  river  trends  to 
the  east  while  the  sandstone  area  passes  straight  on  to  the  Sound  at 
New  Haven.  The  whole  forms  an  irregular  area  about  110  miles  long 
and  20  miles  wide.  They  consist  of  red  sandstones  and  shales,  dip- 
ping somewhat  regularly  to  the  east,  at  an  angle  of  about  20°  to  30°, 
indicating  a  thickness  of  at  least  5,000  feet  (Dana)  to  10,000  feet 
(Hitchcock).  The  general  relations  of  the  strata  with  the  intrusive 
trap  and  the  underlying  gneiss  are  shown  in  the  accom^Danying  figure 
(716).  The  trap  is  seen  to  be  conformable  with  the  strata,  but  the 
whole  series  has  been  subsequently  fissured  and  faulted  in  such  wise 
that  the  strata  are  repeated  and  the  thickness  is  apt  to  be  overesti- 
mated, as  already  explained  on  page  239.  The  trap-ridges  are  formed 
by  the  outcrop  of  the  tilted  and  faulted  sheets  of  lava.  This  regular 
dipping  to  the  east  throughout  the  whole  series  can  be  most  easily 
explained  by  supposing  that  at  the  end  of  this  period  the  whole  area 
of  previously-horizontal  strata  (Fig.  717,  A)  was  lifted  into  an  incline 
of  20°  or  more,  and  afterward  cut  away  by  denudation,  as  shown  in  the 
diagram  (Fig.  717,  B).  In  the  elevation  the  strata  were  fissured  and 
faulted,  as  shown  in  Fig.  716. 


The  whole  series  of  sandstone  is  very  distinctly  stratified,  and  iu 
many  parts  beautifully  fissile.    When  these  parts  are  broken  open 
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aloug  their  lines  of  lamination,  all  kinds  of  shore-marks  are  found  in 
tlie  greatest  perfection,  viz.,  ripple-marks,  rai7i-pri7i(s,  sun-cracks, 
leaf- impressions,  and  tracks  of  animals.  It  is  evident,  therefore,  that 
this  was,  throughout,  a  littoral  or  shoal-water  deposit.  But  it  is  at 
least  5,000  feet  thick.  Therefore,  there  must  have  been  subsidence  to 
that  extent.  Here,  then,  we  have  evidence  of  rapid  deposit  (for  the 
materials  are  coarse),  invasion  of  interior  heat  with  uqueo-igneous 
fusion,  subsidence,  formation  of  fissures,  and  ejection  of  lava. 

These  sandstones  are  poor  in  fossils,  but  the  few  that  are  known  in- 
dicate the  horizon  of  the  Keuper  or  Upper  Triassic  of  Europe.  As 
these  are  found  near  the  middle  of  the  series,  it  is  probable  that  the 
series  represents  the  whole  of  the  Trias  and  part  of  the  Juras  of 
Europe. 

The  Record. — The  general  redness  of  the  sandstone  is  sufficient  evi- 
dence that  organic  remains  are  very  scarce ;  and  so,  indeed,  we  find  it. 


Fig.  718.— a,  Frond;  6,  Cone  (after  Hitchcock). 


Several  species  of  fishes,  a  few  leaves,  the  most  perfect  of  which  is  a 
species  of  fern — Clathopteris— and  a  fir-cone  (Fig.  718),  and  a  few 
small  fragments  of  thin,  hollow  bones,  which  may  have  belonged  to 
either  birds  or  reptiles,  are  all  that  until  recently  had  been  yet  found. 


_~      "  -v  Fio.  720.— Larva   of  an 

o-^  N  ^--—"^^ -V  Ephemera  (afterllitcU- 

^^•^^ — '^^V.^^'"""       C>->-^^^"^^^  cock). 

Fro.  719.— a,  i,  c,  Tracks  of  Insects,  Crustacea,  or  Worms  (after 
llitchcock). 

But  by  far  the  most  interesting  portion  of  the  record  in  this  locality 
consists  of  tracks.   These  are  partly  tracks  of  Insects  and  Crustaceans, 
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and  partly  of  Reptiles  and,  possibly,  of  Birds.  Some  of  those  wMch 
have  been  referred  to  Crustaceans  and  Insects  are  shown  in  ing.  719, 
a  b  c  There  has  been  found,  also,  the  whole  form  of  one  insect  ap- 
parently the  larva  of  an  Ephemera  (Fig.  m).  It  is  quite  probable 
tliat  many  of  the  tracks  were  formed  by  similar  larv£B  inhabiting  the 
water. 

Reptilian  Tracks.— By  far  the  larger  number  of  tracks  are  those  ot 
Reptiles.  More  than  fifty  species  have  been  described  by  Hitchcock.* 
These  vary  extremely,  both  in  size  and  in  character.  In  size,  they  vary 
from  the  track  of  a  living  Triton,  a  half-inch  long,  to  that  of  the  Oto- 
zoum  (Fig.  721),  twenty  inches  long,  and  with  a  stride  of  three  feet. 
Some  had  five  toes,  some  four,  and  some  only  three  functional  toes  on 
the  hind-feet.  Again,  some  had  hind  and  fore  feet  of  nearly  equal  size, 
and  evidently  walked  or  crawled  in  true  quadrupedal  style.  Others  had 
hind-feet  much  larger  than  fore-feet,  and  were  essentially  bipedal  in 
locomotion,  only  putting  down  their  small  fore-feet  occasionally ;  but 
walking  bird-like,  not  hopping  kangaroo-like,  on  their  hind-legs.  In 
connection  with  the  bipedal  tracks  there  have  been  found  what  seemed 
to  be  the  impression  of  a  dragging  tail  (Fig.  722);  but  these  are  so 
rare  and  doubtful  that  it  is  generally  believed  the  animals  were  mostly 
long-legged  and  short-tailed ;  or  else  they  lifted  their  tails  in  walking. 

The  general  conclusion  from  an  attentive  study  of  these  tracks,  in 
connection  with  the  findings  elsewhere  of  bones  and  teeth,  is  that  they 
are  the  tracks  of  Dinosaurs.  The  hugest  among  them,  the  Otozotiin 
Moodii  (Fig.  721),  was  probably  a  long-legged  biped  Dinosaur,  which 
stood  twelve  feet  high.  The  Anomoepus  (Fig.  723),  a  common  form, 
was  also  probably  a  Dinosaur,  which  walked  often  on  two  legs  only, 
and  in  resting  brought  the  whole  tarsus  and  heel  on  the  ground,' in 
the  manner  of  a  kangaroo. 

The  doubts  in  regard  to  the  character  of  these  reptiles  have  now 
been  cleared  up  by  the  fortunate  discovery  by  Marsh  of  nearly  perfect 
skeletons.    In  Fig.  724  we  give  a  restoration  of  one  of  these. 

Supposed  Bird-Tracks. — Those  which  have  been  referred  to  birds 
are  :  1.  Wliolly  bipedal,  i.  e.,  there  is  no  evidence  of  fore-feet  at  all.  2. 
They  are  tridadyl.  3.  They  have  a  regular  progression  in  the  number 
of  joints  in  the  tracks,  the  inner  toe  having  two,  the  middle  toe  three, 
and  the  outer  toe  ionr  joints.  Now,  in  birds,  the  inner  toe  has  three, 
the  middle  toe  four,  and  the  outer  toe  five  joints,  but  the  last  two  joints 
in  each  case  make  but  one  division  of  the  track,  so  that  the  track  is  ex- 
actly what  is  given  above.  The  discovery,  however,  that  many  Dinosaurs 
have  but  three  functional  toes  on  the  hind-foot,  and  that  they  also  have 
the  same  number  of  joints  as  birds,  has  greatly  shaken  confidence  in 

*  About  seventy  species  are  now  known  (E.  H.  Hitchcock). 
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the  ornithic  character  of  these  tracks.  Only  the  absence  of  fore-feet 
tracks,  therefore,  remains.    But  as  many  of  these  early  reptiles  walked 

oocdsinnully  on  two  legs,  it  is  not  impos- 
sible that  some  of  them  always  walked 
thus.  It  is  prohable,  therefore,  that  all 
these  tracks  are  those  of  Reptiles.  As- 


C3 


Fig.  721. 


Fig.  722. 


Fio.  723. 


Frcs.  721-723.— Reptile  Tracks  (after  Hitchcock):  721.  Otozonm  Moodii:  a.  hind-foot,  x  t^;  h, 
fore-foot,  X  y^s.  722.  Gigantitherium  caudatum,  x  ^.  723.  Anomoepus  minor,  x  J:  a,  hind- 
foot;  6,  fore-foot. 

suming  them  to  be  those  of  Birds,  they  vary  in  size  from  those  of  a 
snipe  to  those  of  the  great  Brontozoimi^  eighteen  inches  long,  and  with 
a  stride  of  four  feet  (Fig.  725).  This  huge  bird,  if 
bird  it  was,  must  have  been  at  least  fourteen  feet  high 
(Dana).  Such  a  huge  animal  must  have  been  wingless, 
like  the  ostrich,  etc.,  for  its  size  is  far  beyond  the  limit 
within  which  flight  is  possible. 

We  have  expressed  a  doubt  as 
to  whether  these  tracks  be  those 
of  birds  or  reptiles.  This  is  not 
so  strange  as  it  may  at  first  appear. 

These  two  classes  are, 
indeed,  now  very  wide- 
ly separated,  but  tlmi 
they  were  very  closely 
allied.  There  were 
probably  animals  then 

Pio.  724.— Anchisaurus  colnriis,  Marsh,^  X  A.  Triassic,  Connecticut  living   which,  CVCn  if 
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Fig.  725.- 


teuni 


gigan- 


we  saw  them,  might  puzzle  us  to  decide  whether  to  call  them  reptilian 
birds  or  bird-like  reptiles.  These  two  classes  were  pe7-haps  not  yet 
fairly  disentangled  and  separated  from  each  other. 

We  may  easily  imagine  the  circumstances  under  which  these  tracks 
were  formed.  During  the  Jura-Trias 
period  there  was  in  the  region  of  the 
Connecticut  Valley  a  shallow  inland 
sea,  connected  by  a  narrow  outlet  with 
tlie  ocean.  Into  this  the  tides  flowed 
and  again  ebbed,  leaving  extensive  flats 
of  mud  or  sand  ribbed  with  ripple- 
marks.  A  passing  shower  pitted  the 
soft  mud,  and  the  sun,  coming  out 
again  from  the  breaking  clouds,  dried 
and  cracked  it.  Huge  bird-like  rep- 
tiles, and  possibly  reptilian  birds,  saun- 
tered near  the  shore-margin  in  search 
of  food.  The  tide  came  in  again  with 
its  freight  of  fine  sediments,  gently 
covered  the  tracks,  and  preserved  them 
forever.  This  occurred  constantly  for 
many  ages  about  the  end  of  the  Trias- 
sic  or  the  beginning  of  the  Jurassic 
period,  for  the  tracks  are  found  near  the  middle  of  the  series  of  strata. 
Richmond  and  North  Carolina  Coal-Fields.— The  patches  occurring 

They  constitute  the 
Richmond  and 
Piedmont  coal-fields 
of  Virginia,  and  the 
Deep  River  and  Dan 
River  coal-fields  of 
North  Carolina. 
Fig.  727  gives  a 
generalized  section 
of  the  Richmond 
coal  -  fields  taken 
from  Daddow.  The 
strata  of  this  field 
are  sandstone  and 
shales,  700  to  800 
feet  thick,  lying  in 
irregular  erosion- 
hollows  of  the 
gneiss.      All  the 


Track  of  Brontozonm 
4  (.after  Hitchcock). 


in  Virginia  and  North  Carolina  are  coal-bearing. 


Fio,  73(».-Portion  of  a  Slab  with  Tracks  of  several  Species  of  Bronto- 
zonm (after  Hitchcock). 
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phenomena  of  a  coal-field  are  here  repeated,  viz.,  interstratifiod  seams 
of  coal  and  beds  of  iron-ore,  nmlor-days  with  roots,  and  roo/shales  with 
leaf-impressions.  There  are  several  seams  of  coal,  tlie  lowest  of  which 
is  almost  in  contact  with  tlie  gneiss.    Some  of  the  seams  are  of  great 


Fio.  727. — Section  across  Richmond  Coal-field  (after  Daddow). 

thickness — thirty  to  forty  feet — and  the  coal  is  very  pure.  It  is  prob- 
able that  this  coal,  like  that  of  tlie  Carboniferous  times,  was  formed  in 
a  marsh,  which  was  sometimes  converted  into  a  lake.  The  plants 
found  are  very  decidedly  Upper  Triassic  and  Lower  Jurassic,  viz., 
Cycads,  Conifers,  Equisetfe,  and  Ferns.  Fontaine  makes  them  Ilhceiic, 
i.  e.,  transitive  between  Triassic  and  Jurassic.  The  animals  indicate 
the  same  horizon. 


Fig.  728.— Dictyopyge  macrura,  a  Ganoid  (.after  Emmons). 

The  Deep  River  and  Dan  River  coal-fields  of  North  Carolina  are 
very  similar  to  those  in  Eastern  Virginia,  except  that  in  the  Deep  River 
coal-fields  the  coal-beariug  portion,  which  seems  to  correspond  with 

the  whole  of  the  Richmond 
strata,  is  underlaid  by  3,000 
feet  of  barren  sandstone. 
If  we  call  the  coal-measures 
Upper    Trias    or  Lower 


Fios. 


729  730— Fossils  or  North  Cauoi.ina  and  Richmond  Coai.  Ha.si 
Wulcliia  diffusiis.   730.  Podozumites  Emmonsi 


Ns  (after  Emmons):  729. 


Pig.  733.  Fig.  7.34. 

Fios.  731-7.34. — FossrLs  of  Noitrn  C.miolina  and  Ricnsro^n  Coal-Basinp  (after  Emmons):  731. 
Ncnroptcris  liniefolia — Richmond  Coal.  7.32.  Pccoptcris  fak-atus.  7.33.  Neuropteris.  7.34.  Jaw 
of  Dromatberium  sylvestre. 

Juras,  these  barren  sandstones  are  certainly  Triassic.  In  their  upper  por- 
tion, and  therefore  probably  in  the  Upper  Triassic,  Emmons  found  jaws 
of  a  Marsupial,  which  he  names  Dromatheriim  sylvestre  (Fig.  734).  As 
this  is  one  of  the  earliest,  so  it  is  also  one  of  the  most  reptilian  of  mam- 
mals. According  to  Osborn,  it  had  many  reptilian  characters  of  teeth, 
e.  g.,  conical  premolars  and  imperfectly  divided  fangs,  and  imperfect 
cnsps  in  the  molars  (Fig.  715,  a)  as  in  the  Theromorph  reptiles.  Until 
the  recent  discoveries  of  Marsh,  this,  and  perhaps  another  genus  from 
the  same  place,  was  the  only  mammal  known  from  the  Jura-Trias  of 
America.  We  give  in  Figs.  729,  730  some  of  the  plants  and  animals  of 
these  two  basins.  Tridactyl  tracks  like  those  in  Connecticut  have  also 
beon  found  in  New  Jersey  and  in  Pennsylvania. 

Other  Patches. — In  other  patches,  especially  in  New  Jersey,  Penn- 
sylvanin,  and  Nova  Scotia,  reptilian  bones  and  teeth  have  been  found, 
representing  Dinosaurs  and  Crocodilians  or  Lacertians. 

Interior  Plains  and  Pacific  Slope.— The  Jura-Ti-ias  of  the  interior 
plains  are  singularly  deficient  in  fossils.  The  gy])sum  in  many  of  them, 
furnishes  the  explanation.  They  were  probably  formed  in  interior  and 
very  salt  seas,  which  are  usually  deficient  in  life.    The  two  periods  are, 
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however,  in  some  places  at  least,  better  separated  than  on  the  Atlantic 
slope,  probably  because  of  more  variable  conditions. 


Fio.  735.  Fl(i.  r.JU. 

Figs.  785.  736.— Juuassio  Possils  of  Utah  (after  Meek):  735.  Belemiiites  deiisus.  736.  Gryphaea 

oiilceola. 

On  the  slopes  of  the  Black  Hills  and  on  the  South  Platte  undoubted 
Jurassic  fossils  occur,  indicating  an  open  sea.  In  New  Mexico  New- 
berry found  impressions  of  plants,  indicating  the  same  horizon  as  in 
North  Carolina  and  Virginia — i.  e..  Upper  Triassic.  Some  of  these 
are  given  (Figs.  737-744). 

On  the  Pacific  coast  marine  life  no  doubt  abounded,  as  this  was  the 
margin  of  an  open  sea ;  but  the  rocks  here  are  very  highly  metamor- 
phic,  and  the  fossils,  therefore,  mostly  desti'oyed.  Wherever  this  is 
not  the  case,  the  rocks  abound  in  fossils.  In  Humboldt  County,  Ne- 
vada, for  example,  the  strata  in  some  places  seem  almost  wholly  made 
up  of  Ceratites  Whitneyi  (Pig.  747).  In  the  same  locality  the  remains 
of  an  Enaliosaur  (sea-saurian)  have  been  found.  On  account  of  the 
marine  conditions  prevalent,  the  two  periods  are  more  easily  separable 


Fio.  737.  Fio.  740.  Fio.  739.  Fig.  738. 

Pi08  737-740.— Plants  of  the  Jura  Tbias  (after  Newberry):  7.37.  Branch  of  Conifer  (Brachyphyl- 
liiin).   738.  Branch  of  Conifer.   780.  Conifer,  Branch  and  Fruit.   740.  Zamites  occlacntalis. 
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Fig.  741. 


Fig.  742. 


Fig.  743. 


Fig.  744. 


Firs  741-744 —Plants  OF  THE  Jura  Trias  (after  Newben-y) :  741.  Otozamites  Macoiubii.  742. 
Podozamites  crassifolia.   743.  Tseniopteris  elegans.   744.  Alethoptens  Whitneyi. 

on  the  Pacific  coast.  In  fact,  perhaps  the  completest  iUnstration  of 
the  Jura  found  at  all  in  the  United  States  is  that  recently  discovered 
bv  Diller  in  Northern  California.* 


Pig.  745.  Fig.  746.  Fig.  747. 

Figs.  745-747.— California  Jura-Trias  Sheli-s:  745.  Gryphroa  speciosa  (after  Gabb).  740.  Tri- 
goiiia  pandicosta  (after  Gabb).    747.  Ceratites  Whitneyi  (after  Gabb). 

Recent  Discoveries. — Very  recently  in  Colorado  and  Wyoming,  in 
beds  which  are  referred  to  the  uppermost  Jurassic,  a  large  number  of 
most  extraordinary  reptiles  have  been  found  and  described  by  Marsh 
and  Cope.  Also,  in  the  Wyoming  beds.  Marsh  has  discovered  some 
twenty-five  species  of  Marsupial  mammals  and  a  reptilian  bird  {Lao- 
pteryx).  The  beds  from  which  all  these  have  been  taken  are  called, 
from  their  most  abundant  and  characteristic  form,  the  Atlantosaur 


*  imevican  Geologist,  vol.  x,  p.  88,  1892. 
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beds.  These  discoveries  are  treated  separately,  not  only  on  account  of 
their  great  importance,  but  also  and  especially  because  they  belong  to 
an  entirely  dilTerent  horizon,  viz.,  the  uppermost  Jurassic,  passing  into 
the  Cretaceous.* 

Dinosuors. — The  most  abundant  and  the  largest  reptiles  found  here 
are  Dinosaurs.  Some  ten  or  twelve  species  of  this  order  have  been  de- 
scribed by  Cope,  and  thirty  or  forty  species  by  Marsh.  Some  of  these 
are  from  the  east  slope  of  the  Colorado  Mountains,  but  the  most  impor- 
tant have  been  found  on  the  west  slope.  In  the  museum  of  Yale  College 
there  are  now  the  I'emains  of  several  hundred  individu- 
als. These  American  Jurassic  Dinosaurs  were  proba- 
bly the  largest  land  animals  that  have  ever  lived. 
Cope  describes  one  (Camarasaurus)  with  a  thigh-bone 
six  feet  long,  and  Marsh  describes  one  (Atlantosaurus 
immanis)  with  a  thigh-bone  of  still  greater  length. 
Along  with  these  huge  animals  lived  also  the  small- 
est Dinosaurs  yet  known — one  of  them,  Nanosaurus 
FiG.748.-Dorsaiver.  ^gilis,  being  about  half  the  size  of  a  common  fowl. 
fragUis  ^'frans*  "^^^^  characteristics  of  these  ancient  reptiles  have 
verse   '  section    been  workcd  out  with  great  skill  by  Marsh,  according  to 

(after  Marsh).  °  /  '  & 

whom  the  vertebrse  of  many  of  them  were  full  of  large 
cavities,  so  as  to  make  these  enormous  bones  as  light  as  possible.  This 
character  reached  its  highest  expression  in  Cceluria  of  Marsh  (Fig.  748). 

The  American  Dinosaurs  were  not  only  remarkable  for  their  size  and 
number  but  also  for  their  great  variety  of  forms.  According  to  Marsh, 
some  of  them  were  reptile-footed  (Sauropodn),  some  beast-footed  ( Thero- 
poda),  some  bird-footed  '{OrnitJiopoda),  and  some  belonged  to  a  most  re- 
markable family,  Stegosauria  (plate-covered  Saurians),  not  previously 
recognized. 

The  Sauropoda  were  the  hugest  of  all.  They  weve  five-toed,  planti- 
grade, and  quadrupedal.  Their  large  limb-bones  (Fig.  749)  and 
massive  pelvis  (Fig.  750)  show  that  they  walked  with  the  body  well 
lifted  from  the  ground  (Fig.  751).  They  were  all  herbivorous. 
Good  examples  of  these  are  seen  in  the  Atlantosaii,rus  (a  thigh  of  which 
was  found  more  than  six  feet  long  and  twenty-five  inches  thick,  the 
animal  itself  being  probably  seventy  or  eighty  feet  long) ;  the  Bronto- 
murits,  sixty  feet  long  (Fig.  751) ;  and  the  Morosavrns  (Fig.  749, 
750).    The  restoration  of  the  Brontosaurus  (Fig.  751)  shows  the  ex- 

*  The  Atlantosaur  beds  are  classed  with  the  Jurassic,  mainly  because  their  vertebrate 
fauna  is  of  this  period,  and  partly  because  of  the  great  gap  between  it  and  the  Dakota 
Cretaceous.  The  question  whether  they  should  be  called  uppermost  Jurassic  or  lower- 
most Cretaceous  has,  however,  been  raised  by  some  geologists.  They  apparently  corre- 
spond to  the  Wealden,  which  many  geologists  class  with  the  Cretaceous.  Marsh,  how- 
ever, regards  them  as  decidedly  Jurassic. 
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Fig.  749.— 1.  Bones  of  left  fore-leg  of  Morouaunis  grandis  (after  Marsh).  One  twentieth  natural 
size.  s.  scapula;  c,  corncoid:  h,  humerus;  r,  radius;  u,  ulna;  uc,  ulnar  carpal;  1,  first  meta- 
carpal; Totc,  fifth  metacarpal.  2.  Bones  of  left  hind-leg  of  Morosaurus  grandis.  One  twentieth 
natural  size.  il.  ilium;  is,  ischium;  pubis;  /,  femur;  t,  tibia;  /'.fibula;  a, astragalus;  c,  cal- 
caneum;  Vttit,  fifth  metatarsal. 


treme  smallness  of  the  animal's  head,  and  the  brain-cavity  shows  a  still 
more  remarkable  smallness  of  the  brain. 

The  Theropnda  included,  among  foreign  representatives,  the  Me- 
galosaur  and  Compsognathus,  already  figured  (p.  460),  and  among 
American  genera  Anchisaurns  (p.  472)  and  Ceratosaurns  (Fig.  752). 
They  were  fou7'-  to  five-toed,  digitUjrade,  and  bipedal.    Tliis  is  shown 
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by  the  disp.arity  in  size  of  hind  and  fore  limbs.  They  were  carni- 
vorous. 

The  Ornithopoda  included,  among  foreign  representatives,  the  Igu- 
anodon,  already  figured  (p.  459),  and  Ilypsilophodon  (Fig.  819,  p.  503), 


Fig.  750.— Pelvic  arch  of  Morosaurns  grandis  (after  Marsh),  seen  from  in  front.  One  sixteenth 
natural  size:  a,  lii'st  sacral  vertebra;  b.  transverse  process  of  first  sacral  vertebra;  c,  trans- 
verse process  of  second  vertebra;  p,  fourth  or  last  sacral  vertebra;  nc,  neural  canal;  j/,' ilium; 
is,  ischium;  pb,  pubis. 

together  with  many  American  genera,  such  as  Laosaurus  (Fig.  753) 
and  Oamptosaurus  (Fig.  754),  Glaosaurus  (Fig.  847,  p.  518),  etc.  They 
were  three-toed,  digitigrade,  bipedal  herbivores. 


Fig.  T.")!. — Broutosaurus  excelsis,  x       (restored  by  Marsh). 


The  Slegosaurs  were  perhaps  the  most  remarkable  of  all.  The 
restoration  of  this  strange  animal  (Fig.  755)  shows  a  series  of  broad 
plates  rising  three  feet  high  along  the  whole  dorsal  ridge  and  becom- 
ing double  near  the  end  of  the  tail.  The  use  of  these  extraordinary 
appendages  it  is  difficult  to  conceive.  In  spite  of  the  great  disparity 
in  tlie  length  of  the  hind  and  fore  limbs,  Marsh  regards  them  as  quad- 
rupedal. The  brains  of  all  Jurassic  Dinosaurs  were  very  small  in  com- 
parison with  living  reptiles,  but  this  was  especially  true  of  Stegosaurs. 
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Fib.  752.— Ceratosaurus  nasicornis  (alter  Marsh),  x  g^;,,  Jurassic,  Colorado. 
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Fig.  755.— Stegosaunis  ungulatus  (after  Marsh),  x  ^,  Jurassic,  Wyoming. 

To  make  up  for  this  deficiency  they  had  an  enormous  enlargement  of 
the  spinal  cord  in  the  sacral  region.  This  sacral  brain — if  we  may  so 
call  it — was  ten  to  twenty  times  bigger  than  the 
cranial  brain  (Fig.  756).  It  was  necessary  in  order 
to  work  the  powerful  hind-legs  and  tail. 

IcMhyosanrs  and  Plesiosaurs. — Besides  the  Dino- 
saurs, Marsh  describes  from  the  same  formation  (Ju- 
rassic), but  from  a  lower  horizon,  an  Ichthyosaurian, 
but  differing  entirely  from  the  Ichthyosaurus  of  the 
European  Jurassic  in  being  toothless.  On  this  ac- 
count he  calls  the  genus  Baptanodon  (Fig.  757). 
This  reptile  had  six  digits  in  both  fore  and  hind  feet. 
Also  the  fore-arm  is  not  distinctly  differentiated  from 
the  Carpus.  It  is  therefore  a  more  generalized  or  else 
a  more  degraded  form  than  the  Ichthyosaurus.  In 
the  same  beds  also  he  has  recently  found  remains 
of  a  Plesiosaur,  the  first  yet  found  below  the  Cretaceous  in  America. 
Birds. — In  1881  Marsh  discovered  in  the  same  beds,  the  Atlan- 

tosaur    beds  of 


Wyoming,  a  Ju- 
rassic bird(Laop- 
teryx),  the  only 
one  yet  known 
in  America.  It 
was  undoubtedly 
a  reptilian  bird, 
probably  with 
teeth  and  hi-con- 


FlG.  756. —Outlines  rep- 
resenting transverse 
sections  throngh 
brain  of  Stegosaunis 
ungulatus,  and  sa- 
cral cavity:  6,  brain; 

sacral  cavity.  One 
fourth  natural  size 
(after  Marsh). 
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Fig.  757.— Left  hind-paddle  of  Baptanodon  discus  (after  Marsh),  seen  from 
below.  One  eighth  natural  size:  /,  femur;  t,  tibia;  t,  llbula;  /,  first 
digit;  V,  fifth  digit. 
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cave  vertebrm  J  but  the  remains  are  too  imperfect  to  permit  distinct 
characterization. 

Mammals. — Lastly,  in  the  same  beds,  Marsh  has  discovered  some 
tweuty-live  species  of  small  mammals.  According  to  him,  these  early 
mammals  were  not  typical  Marsupials,  but  a  generalized  type  con- 
necting that  order  with  Insectivora.  He  makes  of  them  two  sub- 
orders, Pautotheria  and  Allotheria.  Figs.  758  and  759  are  represen- 
tatives of  these  two  types.  According  to  Zittell,  the  Allotheria  were 
probably  mouotremes,  and  therefore  egg-layers. 

.Physical  Geography  of  the  American  Contineiit  during  the  Jura- 
Trias  Period. — During  Palasozoic  times  the  Atlantic  shore-line  was 
certainly  farther  east  than  it  was  suiseqioently,  probably  farther  east 
than  it  is  noiu  (p.  303).  At  the  end  of  the  Paleozoic  occurred  the  Ap- 
palachian revolution.  Coincidently  with  the  up-pushing  of  the  Appa- 
lachian chain,  the  sea-border  probably  went  downward,  and  the  shore- 


FiG.  758.— Right  lower  jaw  of  Diplocynodon  victor  (after  Marsh),  outside  view.   Twice  natural  size- 
a,  canine;  b,  condyle;  c,  coronoid  process;  d,  angle. 

line  advanced  westward  on  the  land  which  previously  had  extended  to 
the  submerged  continental  border.  During  the  Jura-Trias  the  shore- 
line to  the  north  was  still  beyond  what  it  is  now,  for  no  Atlantic 
border  deposit  is  visible ;  and  along  the  Middle  and  Southern  States 


'  i 


Fm.  759.- 


-Left  lower  jaw  of  Ctenacodon  serratus  (after  Marsh),  inner  view.  Fonr  times  natural  size 


It  was  certainly  beyond  the  bounding-line  of  Tertiary  and  Cretaceous 
(see  map,  p.  302),  f6r  all  the  Atlantic  deposits  of  this  age  have  been 
covered  by  subsequent  strata;  and  yet  probably  not  much  beyond  for 
some  of  these  Jura-Trias  patches  seem  to  have  been  in  tidal  connection 
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with  the  Atlantic  Ocean.  It  is  probable,  therefore,  that  the  shore-line 
was  a  little  beyond  the  present  New  England  shore-line,  and  a  little 
within  the  present  shore-line  of  the  Middle  and  Southern  Atlantic 
States. 

A  little  back  from  this  shore-line,  and  at  the  foot  of  the  then  Ap- 
palachian chain,  there  was  a  series  of  old  erosion  or  plication  hollows 
stretching  parallel  to  the  chain.  The  northern  ones  had  been  brought 
down  to  the  sea-level,  and  the  tides  regularly  ebbed  and  flowed  there 
then  as  in  the  bay  of  San  Francisco,  or  Puget  Sound,  at  the  present 
time.  In  the  waters  of  these  bays  lived  swimming  Reptiles,  Croco- 
dilian and  Lacertian,  and  on  their  flat,  muddy  shores  walked  great 
bird-like  Reptiles,  and  possibly  reptilian  Birds.  The  more  southern 
hollows  seemed  to  have  been  above  the  sea-level,  and  were  alternately 
coal-marsh  and  estuary  or  lake,  emptying  into  the  Atlantic.  Since 
that  time  the  coast  has  risen  300  or  300  feet,  and  these  patches  are 
therefore  elevated  so  much  above  the  sea-level. 

Meanwhile,  somewhat  similar  changes  were  going  on  in  the  western 
portion  of  the  continent.  During  Palaeozoic  times,  the  Pacific  shore- 
line was  just  east  of  the  Sierra  Range,  and  the  place  of  this  range  was 
a  marginal  sea-bottom.  At  the  end  of  the  Palaeozoic,  coincidently  with 
Appalachian  revolution  already  explained  (p.  424),  the  Utah  Basin 
region  was  elevated  and  became  land,  while  the  Nevada  Basin  region 
subsided,  and  the  Pacific  shore-line  advanced  eastward  to  Battle  Mount- 
ain. But  the  whole  area  between  this  Basin  region  continent  and  the 
Palaeozoic  area  of  eastern  North  America,  including  the  Plateau  region 
and  the  Plains  region,  was  covered  by  one  or  more  shallow  inland  seas, 
with  imperfect  connection,  or  none  at  all,  with  the  ocean,  and  in  which, 
therefore,  gypsum  and  salt  deposited  by  evaporation.  At  least  once 
during  Jurassic  times  this  inland  sea  became  broadly  connected  with 
the  ocean,  so  that  oceanic  conditions  prevailed.  The  place  now  occu- 
pied by  the  Wahsatch  Mountains  was  then  a  marginal  sea-bottom,  bor- 
dering the  Basin  region  continent.  On  the  west  the  Pacific  shore-line 
was  some  distance  east  of  the  Sierra,  and  the  place  of  that  range  was 
still  a  sea-bottom,  though  not  so  closely  marginal  as  in  Palgeozoic 
times. 

Disturbances  which  closed  the  Period.— This  long  Jura-Trias  period 
was  close,  and  the  Cretaceous  period  inaugurated,  by  the  Sierra  revo- 
lution, by  which  the  sediments  accumulated  along  the  then  Pacific 
shore-bottom,  yielding  to  the  lateral  pressure,  were  mashed  together 
and  swollen  up  into  the  Sierra  and  Cascade  Ranges,  and  the  coast-line 
transferred  westward  to  the  other  side  of  these  ranges.  Probably  at  the 
same  time  some  changes  occurred  in  the  region  of  the  Coast  Range  by 
which  islands  were  formed  off  the  then  coast.  Coincidently  with  these 
changes  probably  occurred  on  the  Atlantic  slope  the  elevation  of  the 
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Jura-Trias  sounds  and  the  outbursts  of  igneous  matter,  forming  the 
trap-ridges  ah-eady  spolcen  of  (pp.  4G8  and  4C9).  Extensive  changes 
also  occur  at  the  same  time  over  the  whole  region  of  the  inland  seas,  by 
subsidence  and  the  inauguration  of  oceanic  conditions,  which  continued 
to  prevail  during  the  Cretaceous.  There  is  reason  to  believe  also  that 
many  of  the  Basin  ranges  were  formed  at  this  time  (King),  although 
their  present  forms  as  well  as  that  of  the  Sierra  were  given  much  later 
(p.  276).  It  was  essentially  a  period  of  mountain-making  in  the  west- 
ern part  of  the  American  Continent. 

Section  4. — Cretaceous  Period. 

The  most  general  characteristic  of  this  period  is  its  transitional 
character.  In  it  Mesozoic  types  are  passing  out,  and  Cenozoic  or 
modern  types  are  coming  in,  and  the  two  types  therefore  coexist  side 
by  side.  In  most  places  in  America  the  Cretaceous  lie  unconformably 
on  the  Jurassic  or  still  lower  rocks. 

Rock-System — Area  in  America. — 1.  On  the  Atlantic  lorder  going 
southward,  we  find  no  Cretaceous  rocks  (except  a  little  patch  on  Mar- 
tha's Vineyard)  until  we  reach  New  Jersey.  Here  we  find  a  narrow 
strip  peeping  out  from  under  the  edge  of  the  overlying  Tertiary,  and 
marked  on  the  map  (p.  302)  by  oblique  interrupted  lines.  This  strip 
passes  through  New  Jersey,  Delaware,  Maryland,  to  the  borders  of 
Virginia.  Passing  south,  we  find  no  continuous  area  until  we  reach 
Georgia;  yet  it  underlies  the  Tertiary  in  all  this  region,  as  is  shown 
by  the  fact  that  the  rivers  in  North  and  South  Carolina  cut  through 
the  Tertiary  and  expose  the  Cretaceous  in  many  places.  2.  The 
Gulf-horder  Cretaceous  commences  in  Western  Middle  Georgia, 
covers  all  the  prairie  region  of  Middle  Alabama,  the  northeastern  or 
prairie  region  of  Mississippi,  then  runs  northward  as  a  narrow  strip 
through  Tennessee  nearly  to  the  mouth  of  the  Ohio.  It  then  dis- 
appears beneath  the  Tertiary,  to  reappear  as  an  area  bordering  the 
Gulf  Tertiary  on  the  west  side.  3.  On  the  interior  plains,  the  Cre- 
taceous connecting  with  the  Gulf -border  area  stretches  northwestward 
to  arctic  regions,  occupying  nearly  the  whole  of  the  great,  grassy,  level 
Western  Plains  called  Prairies — though  much  of  it  is  overlaid  by  the 
subsequent  Tertiary.  4.  In  the  Rocky  lloimtain  region  Cretaceous 
strata  occupy  all  the  Plateau  region — i.  e.,  the  region  between  the  East- 
ern range  and  the  Wahsatch  range,  except  where  overlaid  by  Tertiary 
or  removed  by  erosion.  Recent  investigations  in  Mexico*  render  it 
probable  that  this  area  stretches  also  westward  through  Northern 
Mexico  to  the  Pacific.  5.  On  the  Pacific  border,  Cretaceous  strata 
form  a  large  part  of  the  Coast  Ranges,  and  also  in  places  the  lowest 


*  American  Journal  of  Science,  vol.  x,  p.  386,  1875. 
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western  foot-hills  of  the  Sierra  Range.  Whitney  has  estimated  the 
thickness  of  the  Cretaceous  rocks  in  portions  of  the  Coast  Range  as 
20,000  feet,  and  Diller,  30,000  feet. 

Physical  Geography  in  America.— It  is  not  difficult  from  the  Creta- 
ceous area  just  given  to  reconstruct  approximately  the  physical  geog- 
raphy. At  that  time  the  Atlantic  shore-line  in  all  the  northern  portion 
of  the  continent  was  farther  oiit  or  east  than  now,  for  the  Cretaceous 
of  this  part  is  all  now  covered  by  sea.  From  New  Jersey  southward 
the  shore-line  was  then  farther  in  or  west  than  now.  From  Maryland 
to  Georgia  the  shore-line,  though  farther  in  than  now,  was  farther  otit 
than  during  the  Tertiary,  as  the  Cretaceous  is  covered  by  the  later  de- 
posits. The  Gulf  vf&s  much  more  extended  both  northward  and  west- 
ward than  either  now  or  in  Tertiary  times,  its  shore-line  being  along 
the  extreme  limit  of  the  Cretaceous  of  this  region.  From  the  Gulf 
there  extended  northwestward  an  immensely  wide  sea,  covering  the 
Plains  region  and  the  Rocky  Mountain  region  as  far  westward  as  the 
Wahsatch  Range,  and  dividing  the  continent  into  two  continents,  an 
eastern  or  Appalachian,  and  a  western  or  Basin  region  continent.  The 
place  of  the  Wahsatch  range  was  then  the  marginal  lottom  of  this  in- 
terior Cretaceous  sea.  The  Pacific  Ocean  at  that  time  washed  against 
the  foot-hills  of  the  Sierra  Range,  the  place  of  the  Coast  Range  being 
thus  its  marginal  bottom.  These  facts  are  represented  in  the  accom- 
panying map. 


riG.  760.-Map  of  American  Continent  in  later  Cretaceous  Times,  shaded  part  covered  with  water. 
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Rocks, — The  rocks  of  the  Cretaceous  period  consist  of  sands,  and 
clays,  and  limestones,  as  in  other  periods,  but,  as  a  whole,  are  less  fre- 
quently metamorphic  than  in  the  older  rocks.  There  is,  however,  one 
kind  of  rock  found  in  this  age  in  Europe,  and  also  recently  in  America, 
which  is  so  peculiar  and  so  interesting  that  it  must  not  be  passed  over 
in  silence.  We  refer  to  the  white  chalk  of  England  and  France,  from 
which  the  formation  and  the  period  take  their  name,  "  Cretaceous.'''' 

Chalk. — Chalk  is  a  soft.,  white.,  pure  carbonate  of  lime.  Scattered 
through  the  soft  mass 
are  found  very  char- 
acteristic nodules  of 
pure  flint.  These 
nodules  are  of  various 
sizes  and  shapes,  some- 
times scattered  irreg- 
ulaHy,  sometimes  ar- 
ranged in  layers. 
Often  some  fossil,  es- 
pecially a  sponge, 
forms  the  nucleus 
around  which  the  ag- 
gregation of  the  sili- 
cious  matter  takes  place.    On  account  of  its  extreme  softness,  chalk 

is  often  sculptured  by  erosive  agencies 
into  fantastic  cliffs  and  needles  (Fig. 
761). 


Fig.  761.— Chalk-Cliffs  with  Flint-Nodules. 


Fig.  7G~'. 


Fig.  763. 


lidina  gradata  (after  n'orbigny).       ^  iioi-"ina  rugosa.    ,05.  Lituola  nautiloides.  7GG.  Chrysa- 
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Examined  with  the  microscope,  chalk  is  found  to  be  composed 
largely  of  llhizopod  shells,  and  of  Coccoliths  and  Coccospheres  (sup- 


FiG.  767. — ^View  of  Iowa  Chalk  under  the  microscope  (after  Calvin). 


posed  shells  of  unicelled  plants),  some  perfect,  more  broken,  most  of 
all  completely  disintegrated  (Fig.  762).  The  flint-nodules,  similarly 
examined  by  section,  show  spicules  of  sponge  and  silicious  shells  of 
Diatoms.  Chalk  such  as  described  was  supposed  to  be  found  nowhere 
except  in  Europe,  but  recently  good  chalk  composed  of  Foraminiferal 
shells,  and  containing  flints,  has  been  found  in  Texas  (Hill),  and  in 
Kansas  and  northward  to  Dakota.  We  give  in  Fig.  767  a  microscopic 
view  of  American  chalk.  Figs.  763-766  represent  some  of  the  more 
common  Rhizopods  found  in  chalk  of  Europe,  and  Fig.  768  of  those 
from  the  chalk  of  United  States. 


Pio.  768.— Foraminifera  from  the  Chnlk  of  Town,  x  100  (after  Calvin):  a,  Globlgcrina  cretacea;  6, 
Testularia  globulosa;  c,  Bulimina  ep?. 
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Origin  of  Chalk. — A  material  so  unique  must  have  been  formed 
under  peculiar  conditions.  Kecent  investigations  have  shown  that 
chalk  is  a  deep-sea  ooze.  In  all  the  deep-sea  soundings  and  dredgings 
recently  undertaken,  it  is  found  that  the  sea-bottom  between  the  depths 
of  3,000  and  20,000  feet,  where  not  too  cold,  is  a  white  ooze,  consisting 
mainly  of  Khizopod  shells  (Globigerina,  Radiolaria,  etc.)  and  Coccoliths, 
Coccospheres,  etc.,  through  which  are  scattered  silicious  shells  of  Dia- 
toms (p.  1C9).  These  shells  are  in  every  stage  of  change  :  some  living 
or  at  least  still  retaining  sarcode  ;  some  perfect,  though  dead  and  empty  ; 
some  broken:  most  of  them  completely  disintegrated  into  an  impalpa- 
ble mud.  Prom  the  great  abundance  of  one  genus  of  Rhizopods,  this 
calcareous  mud  has  been  called  Ololigerina  ooze.  In  deep-sea  bottoms, 
therefore,  chalk  is  noiu  forming.  Also,  strange  to  say,  many  Sponges, 
and  Starfishes,  and  Echinoids,  and  Crustaceans,  ver-y  similar  to  those 
found  in  the  chalk  of  Cretaceous  times,  have  been  brought  up  from 
present  deep-sea  bottoms. 


^"^vIl^T^'*^''^  Foraminifera:  a,  Orbulina  universa.  in  its  perfect  condition,  showing  the 

!,  ,Pv  f  Tr''Tl"^'l-"u"ff '^''''™.'''''^"'^"<^^°*'  the  shell;  «,  Globi<rerina  bulloirles.  In  its  ordi. 
I  rnLn  nff''T-n^''^'^'?'">°''°^T"'^"  "''^''^^  are  attached  to  the  sheTl  when  perfect  liavinR  been 
broken  off;  c  Textularia  variabilis;  d.  Pencroplis  planatiis;  e.  Kotalia  concamerata-  /•  Cri»tel 

SeTarc^^eatl^illa^ledi  ""^^^^^  "'^  ""'^^  Williamsori{^  Aul^l 

There  seems  little  doubt,  therefore,  that  chalk  is  a  deep-sea  for- 
mation. The  flint-nodules  have  been  formed  by  a  subsequent  process 
simdar  to  that  which  gives  rise  to  other  nodules  (p.  196).  The  silica, 
which  in  the  ooze  was  at  first  scattered,  is  slowly  aggregated  into  pure 
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flint-nodules,  and  the  matrix  is  left  in  a  condition  of  pure  carbonate 
of  lime.*  Probably  in  most  cases  some  organism  formed  the  nidus 
about  which  the  silica  collected,  and  organic  decomposition  was  at 
least  one  agent  in  the  process. 

Extent  of  Chalk  Seas  of  Cretaceous  Times  in  Europe.— Chalk  of 
nearly  homogeneous  aspect  prevails  from  the  north  of  Ireland  through 
Middle  Europe  to  the  Crimean  and  Caucasus,!  distance  of  1,140 
miles;  and,  in  the  other  direction,  from  the  south  of  Sweden  to  the 
south  of  Bordeaux,  a  distance  of  840  miles  (Lyell).  It  is  evident, 
therefore,  that  at  that  time  a  deep  sea  occupied  a  large  portion  of 
Central  Europe.  The  white  chalk  of  England  and  Prance  is  about 
1,000  feet  thick.  When,  we  remember  the  mode  in  which  it  has 
been  formed,  this  thickness  indicates  an  almost  inconceivable  lapse  of 
time. 

Cretaceous  Coal. — Coal  is  again  found  in  large  quantities  in  rocks 
of  this  period  in  the  United  States.  The  mode  of  occurrence  is 
similar  to  that  found  in  rocks  of  other  periods ;  but  as  most  of  this 
coal  is  found  in  the  Laramie,  and  as  this  is  a  transitioyi  group  to 
the  Tertiary,  we  shall  put  ofE  the  discussion  to  the  end  of  the  Creta- 
ceous. 

/Subdivisions  of  the  Cretaceous. — In  the  localities  where  the  Ameri- 
can Cretaceous  was  first  well  studied,  viz.,  in  New  Jersey  and  in  the 
Western  Plains  and  Plateau  region,  the  lower  part  of  the  series  was 
wanting,  and  hence  a  great  gap  was  supposed  to  exist  here  in  the 
American  geological  record.  But  recently  the  Lower  Cretaceous  has 
been  found  in  many  widely-separated  regions  and  by  different  observ- 
ers, viz.,  in  California,  by  Whitney  (Shasta  group) ;  in  Texas,  by  Hill 
(Comanche  group) ;  J  in  Canada,  by  Dawson  (Kootanie  group)  ;  and 
on  the  Atlantic  border,  by  McGee  (Potomac  group).*  The  Comanche 
group  of  Hill  is  probably  the  most  complete,  and  we  therefore  adopt 
this  name.  It  is  possible  that  the  lowest  of  Hill's  Comanche  group, 
viz.,  Trinity  beds,  may  be  uppermost  Jurassic. 

The  Cretaceous  series  may  be  conveniently  divided  into  Upper  and 
Lower.  The  subdivisions  of  these  are  of  course  local.  In  Europe  tlie 
Tertiary  is  nearly  everywhere  unconformable  on  the  Cretaceous,  show- 
ing a  gap  at  this  horizon  ;  in  America  this  gap  is  completely  filled  in 
the  West  by  a  transition  group  called  the  Laramie.  The  relation  be- 
tween the  main  divisions  of  the  American  Cretaceous  on  the  interior 

*  Wallace  thinks  that  chalk  is  a  coral  mud  formed  in  warm  seas  f\ill  of  forarainifcral 
life  (Island  Life,  p.  84). 

\  Favre,  Archives  des  Sciences,  vol.  xxxvii,  p.  118  ct  .leq. 

I  Marcou  had  long  ago  (1853)  discovered  Ncoconiian  in  New  Mexico,  but  the  discovery 
was  not  recognized  by  American  geologists. 

*  This  is  partly  a  transition  to  Jurassic. 
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plains  and  Atlantic  border,  and  of  both  with  the  European  Cretaceous, 
is  shown  in  the  following  table : 


Lower  Teb- 

TIAUY. 

AMICKIOAN. 

EUROPEAN. 

Western  Plains. 

Atlantic  Bobdbh. 

Pacific  Bouseb. 

Wahsatch  and- 
I'uerco. 

Eo-Iignitic. 

Tejon. 

Thanet  sands, 
Cernay  beds. 

Transition. 

Laramie. 

Wanting. 

Wanting. 

Upper  Creta- 
ceous. 

Lower  Creta- 
ceous. 

- 

Montana  group. 

(  Upper  Cretaceous 
4   of  N.  J.,  Penn., 
(  and  Miss. 
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Neocomian. 

Comanche. 
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j-  Shasta. 

Transition. 

Trinity. 

Potomac  lowest 
part. 

Aucella  beds. 

Wealden. 

UpperJurassic. 

Baptanodon  beds. 

Wanting. 

Purbeck. 

Life-System :  Plants. 

Leaf-impressiong  are  very  abundant  in  the  American  Cretaceous, 
and  the  most  cursory  examination  reveals  at  once  a  type  of  plants  not 
seen  in  any  lower  rocks,  viz.,  Angiospervis,  both  Dicotyls  and  Palms. 


Fki.  772. 

Fios,  770-772. — CnETACEoiis  Plants,  Dakota  Onoiip  diftnr  T  p«nn<ii-r.i,T\.  "nn  ti„.,:j  i 

tegrifolium.   771.  Laurus  Nei,rascensis.   ^^2?  qSs  A?i  redS™''"' 
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Flu.  774. 


FiQ.  773. 


Fig.  775. 


Fig.  777. 

Pigs.  773-777.— Cretaceous  Plants.  Dakota  Gbouv  (after  Lesquerenx):  773.  Snssafrns  Mndgei. 
774.  Sassafras  araliopsis.  775.  Salix  proteojfoliu.  77G.  Fagus  polyclada.  777.  Protophyluim 
quadratiim.   All  reduced. 

We  have  said  that  the  Sierra  revolution  at  the  end  of  the  Jura-Trias 
produced  important  changes  in  America.  A  great  break  in  the  record 
occurs  at  this  time  in  the  region  (the  Plains)  where  these  plants  were 
first  found.  When  the  record  commences  again  in  the  Dakota  epoch 
we  observe  a  very  great  difference  in  the  subject-matter.  The  whole 
aspect  of  field  and  forest  must  have  been  different  and  much  more  mod- 
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ern.  Nearly  all  the  genera  of  our  modern  trees  are  present,  e.  g.,  Oaks, 
Maples,  Willows,  Sassafras,  Dogivood,  Hickory,  Beech,  Poplar,  Tulip- 
tree  (Liriodendron),  Walnut,  Sycamore,  Siveet-cjum  (Liquidambar), 
Laurel,  Myrtle,  Fig,  etc.  Out  of  460  species  of  plants  found  in  the 
Dakota  group,  about  400  species  are  Dicotyls  (Ward)  and  at  least  half 
of  these  belong  to  livmg  genera  (Lesquereux).  And  if  we  include 
the  Laramie  in  the  Cretaceous  we  may  add  226  more  species  to  the  list, 
but  these  latter  are  quite  different  and  more  Tertiary  in  type.  A  few 
Palms  have  also  been  found  in  Vancouver's  Island.  So  fully  were  these 
highest  plants  introduced  here  that  although  the  Cenozotc  era  com- 
menced with  the  Tertiary,  the  GQMoplitjtic  may  be  said  to  commence 
with  the  Cretaceous.* 

It  is  a  noteworthy  fact  that  many  of  the  most  characteristic  Creta- 
ceous genera,  and  those  most  abundant  and  varied  in  species  at  that 
time,  are  now  represented  by  only  one  or  two  species.  For  example, 
there  are  now  only  one  or  two  species  of  Sassafras ;  two  or  three  species 
of  Plane-tree ;  one  of  Liriodendron  ;  and  two  of  Liquidambar.  These 
are  evidently  the  remnants  of  an  extinct  flora. 

Origin  of  Dicotyls. — The  appearance  of  these,  the  highest  order  of 
plants,  in  fully  differentiated  forms,  seems  sudden  and  without  pro- 
srenitors.  But  the  obvious  reason  is,  that  where  first  discovered  there 
was  a  great  loss  of  record.  The  gap  is  now  filled  by  the  discovery  of 
the  Comanche  group ;  and  in  the  lowest  part  of  this  group  on  the  At- 
lantic border  (Potomac  formation)  have  recently  been  found  and  de- 
scribed by  Fontaine  over  700  species  of  plants  mostly  of  Jurassic  types 
(Conifers,  Cyads,  and  Ferns),  but  among  them,  and  from  the  upper 
part  of  the  formation,  76  species  of  Dicotyls.  These  earliest  known 
Dicotyls  (Figs.  778-782),  though  of  very  generalized  character  so  far 
as  genera  and  families  are  concerned,  are  yet  well-diiferentiated,  unmis- 
takable Dicotyls.  We  must,  therefore,  look  still  lower,  i.  e.,  in  the  Jura, 
for  their  point  of  origin  and  for  connecting  links  with  other  classes. 
These  important  discoveries  leave  us  still  in  doubt  as  to  the  class  of  pre- 
viously existing  plants  from  which  they  may  have  sprung.  It  is  very 
noteworthy,  however,  that  certain  curious  leaves  found  in  the  Upper 
Jura  and  Lower  Cretaceous,  and  heretofore  referred  to  Ferns,  are  be- 
lieved by  Saporta  to  have  been  those  of  ancestors  of  the  Dicotyls,  and 
therefore  called  Pro-Angiosperras  (Ward).  It  seems  not  improbable, 
therefore,  that  the  Dicotyls  have  come  from  the  Ferns. 

But  if  the  highest  plants,  the  Dicotyls,  are  abundant,  so  are  also  the 

*  As  an  explanation  of  the  somewhat  sudden  appearance  of  Dicotyls  it  has  been  sug- 
gested by  Woodworth  that  in  Jura  times  the  Dicotyls  occupied  isolated  highlands,  the 
richer  plains  being  held  by  Mesozoic  types  by  pre-emption  right.  Changing  conditions 
gradually  gave  the  advantage  to  the  Dicotyls,  which  then  came  down  to  the  plains,  where 
their  remains  would  be  more  likely  to  be  preserved. 
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Fio.  781.  Fio.  782. 

Pros.  778-782. — Plant.'*  op  tht?  Potomac  Fotsmation  (nftcr  Fontamo)— Conifers :  77S.  Baioroppis 
foliosa.  779.  Sequoift  ninbicim:  rj,  Leafy  hrnnch;  6,  Cone.  Dicntylfdons  ':  780.  Arali.i^phyllum 
obtusilobum,  x  §.   781.  Hedercephyllum  angulatum,  x  g.  782.  Sassafras  cretaceum,  x  |. 
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lowest  Prolophyles,  or  uui- 
celled  plants.  Desmids  and 
(!occospheres  are  abundant  in 
the  chalk  of  Europe. 

Animals. 

Protozoa.  —  As  already- 
stated,  chalk  is  made  up  al- 
most wholly  of  shells  of  Fo- 
raminiferee  (Rhizopods)  and  of 
certain  uni-celled  plants.  Ac- 
cording to  Ehrenberg,  a  cubic 
inch  often  contains  millions  of 
microscopic  organisms.  More 
than  120  species  of  Foramin- 
ifers  have  been  found  in  the 
English  chalk  alone.  Some  of 
these  seem  to  be  species  still        Fig.  783. 

^'ii/ojrt  in  floon  opeiQ  TIipqp  nrp  Figs.  783,  784.— Cretaceous  Sponge?:  783.  Siphonia 
livmg  maeep  SGdS.     xuebeaie  ^^^^    7&4.  Ventriculites  simplex. 

all  extremely  minute,  but  some 

of  larger  size  are  found  in  the  Cretaceous  limestone  of  Texas.  Those 
from  the  chalk  have  already  been  given  (pp.  487  and  488). 

Sponges  are  extremely  common  in  the  chalk,  as  they  are  also  in 
deep-sea  bottoms  of  the  present  day.  About  one  hundred  have  been 
found  in  the  chalk. 

Echinoderms. — The  free  Echinoderms  are  now  for  the  first  time  in 
excess  of  the  stemmed.    The  EcMnoids  are  especially  abundant  and 


Fio.  786. 


Fig.  787. 


FiQS.  785-787.— EcniNoiDS  OP  THE  Cretaceou!"  OF  Europe:  785.  Gnlerites  albogalerus    786  Dis- 
coidea  cylindrica.  787.  Goniopygus  major. 
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decidedly  modern  in  type  ;  and  in  the  chalk  some  genera  are  identical 
with,  and  some  species  very  similar  to,  those  recently  got  from  deep- 
sea  ooze.    The  above  are  from  the  European  Cretaceous. 


Figs.  788,  789.— Lamellibranchs;  788.  Ostrea  IdriaaiiBis  (after  Gabb).   789.  Inoceramu6  dimidiuB 

(after  Meek). 


Mollusks. — For  the  first  time  Lamellibranchs  are  fairly  in  excess  of 
Brachiopods.  Among  the  latter  the  modern  family  of  Tereiratulm  are 
especially  conspicuous.  Among  the  former  the  most  noteworthy  fact 
is  the  abundance  of  the  Oyster  family — Ostrea,  Gryplma,  Exogyra, 
etc. ;  and  the  Avicula  family,  Avicula,  Inoceraynus,  etc.,  some  of  which 
are  of  great  size.  We  give  some  characteristic  forms  from  the  recently 
established  Comanche  group  (Figs.  790-795). 

Two  very  strange  and  characteristic  groups  of  bivalve-shells  occur 
here,  and  are  very  abundant,  viz.,  the  Rudistes  or  Hippuritidce  and 
the  ChaviidcB.  In  the  former,  one  valve  is  small  and  often  flat,  while 
the  other  is  enormously  elongated  like  a  cow's  horn  or  even  extended 
into  fluted  cylinders.  In  the  latter  one  or  both  valves  are  elongated, 
and  often  coiled  in  the  manner  of  a  ram's  horn.   We  give  some  flgures 


Fio.  790.  F'G- 
Fios.  790,  791.— Comanche  Shells  (after  White):  790.  Gryphioa  Pitcheri.    791.  Esogyra  Tcsana. 
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Fig.  794.  Pio-  795. 

Figs.  792-795.— Comanche  Shei-m  (after  White):  792.  Aucella  Erringtonii,  Knoxville  group,  Cal. 
793.  Aucella,  side  view.   794.  Reqnlenia  patagiata.   795.  Requienia  Tesana. 


of  these  strange  forms  (796-799)  from  foreign  localities  and  some  (794 
and  795)  from  our  oivn  country. 

Among  Oasteropods  (Figs.  796-799),  the  beaked  or  siphonated 
kinds  are  now  for  the  first  time  abundant,  as  in  the  present  seas. 

Among  Cephalopods  the  Ammonites  and  Belemnites  still  continue 
in  great  numbers  and  size,  but  they  die  out  at  the  end  of  this  period 
forever.  In  the  Cretaceous  of  the  Western  Plains  some  Ammonites 
have  been  found  over  three  feet  in  diameter  (Dana).  This  family 
seemed  to  have  reached  its  culmination  just  before  its  extinction.  But 
what  is  still  more  remarkable  is  the  introduction  of  many  new  genera 
of  very  strange  and  unexpected  forms.  These  are  sometimes  partly 
uncoiled,  as  in  Scaphitcs  (boat),  Crioceras  (ram's-horn),  Toxoceras 
(bow-horn),  Ancyloceras  (hook-horn),  Ilamites  (hook);  sometimes 
33 
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Fig.  796. 


Pig.  798. 


Fig.  799. 


Fios.  796-799.-796.  Hippiirites  Toucasinna,  a  large  individual  with  two  small  ones  attached  (after 
D'Orbigny).  797.  Section  of  a  Radiolites  cylindriasus,  showing  structure.  798.  Upper  Valve  of 
Radiolites  mammelaris.   799.  Caprina  adversa  (after  Woodward). 


Fiu.  800. 


Fio.  802. 


Fio.  801. 

Pios  800-802.-CRKTAonoirs  Gastkuopods:  800.  Cyprrea  Matthewsonii  fafter  Gahb).    801.  An- 
chura  falciformis  (after  Qabb).  802.  Scalaria  Sillimani  (after  Lcsquereux). 
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completely  uncoiled,  as  in  BaacUtes  (walking-stick) ; 

spirally,  like  a  Gasteropod,  as  in  Turnhtes  and  Hehocercs.  Beleni- 

nites  (Ficr.  810)  also  continue,  though  in  diminishing  numbers. 

These  strange  forms  have  been  likened  by  Agassiz  to  death-contor- 
tions of  the  Ammonite  family ;  and  such  they  really  seem  to  be.    1  hey 


Pio.  807. 


Fio.  808. 


Fi(is.  803-809.— CtiETAOEong  Cephai.opods:  803.  Ammonites  Chicoensis  faftpr  GnhliV  804.  Scaplii- 
tes  icqnalis  (after  Pictet).  80.5.  Crioceras.  restored  (after  Pictotl.  800.  noliocerns  Kobertianii.'! 
(after Pictet).  807.  Ancyloceras  percostntns.  x  i  (after  Gnbb).  808.  Baculitesaiiccps,  x  J  (after 
Woodward).   809.  Tiirrilites  catenatns  (after  D'Orbigny). 

are  degenerate  forms  of  a  declining  type.  From  the  point  of  view  of 
evolution,  it  is  natural  to  suppose  that  under  the  gradually-changing 
conditions  which  evidently  prevailed  in  Cretaceous  times,  this  vigorous 
Mesozoic  type  would  be  compelled  to  assume  a  great  variety  of  forms, 
in  the  vain  attempt  to  adapt  itself  to  the  new  environment,  and  thus 
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to  escape  its  inevitable  destiny.  The  curve  of  its  rise,  culmination, 
and  decline,  reached  its  highest  point  just  before  it  was  destroyed. 
The  wave  of  its  evolution  crested  and  broke  into  strange  forms  at  the 
moment  of  its  dissolution. 

Among  Crustaceans,  the  Brachyurans,  short-tailed  Crustaceans 
(crabs),  which  were  barely  introduced  in  the  Jurassic,  are  here  repi-e- 
sented  by  several  genera. 

Vertebrates— Fishes.— In  the  development  of  this  class  some  de- 
cided steps  in  advance  are  here  recorded.  Placoids  and  Ganoids  still 
continue,  but  Teleosts,  or  true  typical  modern  fishes,  are  here  intro- 


FiG.  810. — Belcmnites  impreesns  (after  Gabb). 

duced  for  the  first  time,*  and  in  considerable  numbers,  and  some  of 
gigantic  size.  These  earliest  Teleosts  were  related  to  salmon,  herring, 
perch,  pike,  etc.  Beryx,  a  genus  still  found  in  open  seas,  is  found  in 
the  Chalk  of  Europe  and  Upper  Cretaceous  of  America.  Among  Blas- 
mobra7ic/is,  too,  although  the  Cestracionts  and  Hybodonts  continue  (the 
latter,  however,  passing  out  with  the  Cretaceous),  the  modern  type,  the 
true  sharks  or  Squalodonts,  having  lancet-shaped  teeth,  are  for  the 
first  time  abundant.  We  give  figures  of  Cestraciout  (812)  and  Squalo- 
dont  (811)  teeth,  and  also  a  tooth,  natural  size,  of  a  gigantic  pike,  eight 
feet  long,  from  American  Cretaceous,  and  a  restoration  of  the  same  by 
Cope ;  also,  two  Teleosts  from  European  Cretaceous. 


Fig.  811.— Cretaceous  Fistt^is—Elasmobrancfis;  Otodiis  (after  Leidy). 


*  Some  geologists  make  Teleosts  appear  in  Jura;  most,  however,  regard  these  sup- 
posed Teleosts  as  homoccrcal  Ganoids. 
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The  Hyhodonts  were  essentially  a  Mesozoic  type;  the  Squalodonts 
are  essentially  Tertiary  and  modern.  The  two  types  coexist  in  the  Cre- 
taceous, the  former  passing  out,  the  latter  increasing,  and  finally  dis- 
placing the  former.  The  accompanying  figure  (Fig.  817)  represents  the 
succession,  rise,  culmination,  and  decline  of  the  three  families  of  sharks. 

Cope  gives  ninety-seven  species  of  North  American  Cretaceous 
fishes  known  in  1875.    Of  these,  if  we  include  the  Chimera  family, 

Pulujozoic  Mesozoic  Cenozoic 


Fia.  817.— Diagram  representing  the  Distribution  in  Time  of  Placoids. 

an  aberrant  type  of  sharks  very  common  in  the  Cretaceous,  forty -Jive 
were  Elasmobranchs.  The  rest  are  mostly  Teleosts,  for  the  Ganoids  are 
rapidly  disappearing.  In  Europe  twenty-five  genera  of  Cycloids  and 
fifteen  of  Ctenoids  are  found  in  the  Cretaceous  (Dana). 

Reptiles. — This  class  seems  to  have  culminated  about  the  end  of 
the  J urassic  or  the  beginning  of  the  Cretaceous  period.  If  their  re- 
mains are  more  abundant  in  the  Jurassic  in  Europe,  they  are  far  more 
abundant  in  the  uppermost  Jurassic  (Atlantosaur  beds)  and  in  the  Cre- 
taceous in  America.  In  fact,  we  had  here  in  America  during  the  Cre- 
taceous an  extraordinary  abundance  and.  variety  of  reptilian  life,  in- 
cluding all  the  principal  orders  already  mentioned,  viz.,  Enaliosaurs, 
Dinosaurs,  Pterosaurs,  and  Crocodilians,  and  also  a  new  type,  intro- 
duced in  the  Cretaceous  for  the  first  time,  the  Mosasaurs,  wholly  ma- 
rine in  habits,  but  of  long,  slender,  snake-like  form,  and  attaining 
extraordinary  length.  Turtles  were  also  found  in  large  numbers  and 
of  great  size.  We  can  mention  only  a  very  few  of  the  most  remarkable 
of  the  Cretaceous  reptiles. 


a  be 


Fig.  818.— Teetli  ol  Uudrosaurus  (after  Leidy):  o,  Pavement  of  Teeth;  6  and  c,  Tooth  separated. 
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Among  EtmKosaurs  the  IcMliijomuridcB  are  not  found  in  America, 
but  the  FlesiosauridcB  were  abundant,  and  attained  much  greater  size 
than  in  Europe.  Leidy  describes  one,  Discosmor  {Elasmosmir,  of 
Cope),  which  was  fifty  feet  long,  with  a  neck  of  sixty  vertebras  and 
twenty-two  feet  long.  Among  Dinosaurs  the  Hadrosnur  from  New 
Jersey  was  twenty-eight  feet  long;  and,  judging  from  the  huge 
size  of  its  hind-legs  and  massiveness  of  its  hips  and  small  size  of  its 
fore-legs,  it  seems  to  have  been  able  to  stand  and  walk  in  the  man- 
ner of  birds.  This  animal  was  a  vegetable  feeder,  with  teeth  some- 
what like  those  of  the  Iguanodon,  but  set  in  several  rows,  so  as  to 
form  a  kind  of  tessellated  pavement  (Fig.  818).  We  give  Fig.  819, 
a  restoration  by  Marsh,  of  an  allied  form  from  the  European  Cretace- 
ous. From  the  New  Jersey  Cretaceous  have  been  found  also  the  Drypto- 
saimts  (Loilaps),  similar  to  the  Megalosaur  and  twenty-four  feet  long, 


Fig.  819.— Hypsilophodon  (A)  (restored  by  Marsh). 


and  the  Ornithotarsus  (bird-shank),  thirty-five  feet  long,  stood  twelve 
to  fifteen  feet  high  when  walking  on  their  hind-legs.  Among  Ptero- 
saurs.  Marsh  has  found  in  the  Western  Cretaceous  the  remains  of  at 
least  seven  species,  two  of  which  were  twenty  to  twenty-five  feet  in  alar 
extent,  and  another  eighteen  feet. 

The  American  Pterosaurs  differ  from  all  other  known  Pterosaurs  in 
the  fact,  recently  brought  to  light  by  Marsh,  that  their  jaws  were  en- 
tirely toothless,  and  probably  sheathed  with  horn,  as  in  birds.  They 
have  therefore  been  placed  by  Marsh  in  a  distinct  order,  Pteranodon- 
tia,  from  the  type  genus  Pteranodon  (winged  toothless).  Probahly 
all  the  American  Pterosaurs  belong  to  this  order.    One  of  them,  P. 
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■ige)is,  had  toothless  jaws  four  feet  long,  ajid  an  expanse  of  wing  of 
more  than  twenty-two  feet. 

Among  the  many  Chelonians  (turtles)  found  in  the  Cretaceous  of 
the  Western  Plains,  of  the  Eocky  Mountain  region,  and  of  New  Jer- 
sey, one,  the  Atlantochelys  gigas,  had  a  length  of  nearly  thirteen  feet, 
and  a  breadth  across  the  extended  flippers  of  fifteen  feet  (Cope).  The 
structure  of  this  huge  turtle  was  singularly  emhryonic.  The  flattened 
ribs,  which  by  their  coalescence  make  the  greater  part  of  a  shell  of  a 
turtle,  were  in  this  species,  as  in  the  embryo  of  modern  turtles,  not  yet 
coalesced. 

But  the  most  remarkable  and  characteristic  reptiles  found  in  the 


■3 


Fig.  823.— Head  of  a  Tylosaurus  proriger  (after  Merriam). 

Cretaceous  are  the  Mosasaurs  {Pytlionoviorpha  of  Cope).  The  first 
specimen  of  the  order  was  found  in  Europe,  on  the  river  Meuse,  and 


"■'"omf  sTxtenfh'';!!ftu;f>7L<f'wUh'o;^^  Mar«h).  seen  from  below, 
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hence  the  name  Mosasanrs;  but  they  seem  to  have  been  far  more 
abundant  in  America.  At  least  fifty  species  (Cope)  have  been  found 
in  the  Cretaceous  of  New  Jersey,  the  Gulf  States,  and  Kansas.  Of 
these,  the  Mosasaurus  princeps  was  sixty  to  seventy  feet  long,  and 
Tylosaurus  (Liodon)  dyspehr  probably  "  attained  a  length  equal  to  the 
longest  whale"  (Cope).  These  reptiles  seemed  to  have  united  the 
long,  slender  form  of  a  snake,  and  the  short,  strong,  well-fingered 
paddles  of  a  whale,  with  the  essential  characters  of  a  lizard.  Another 
snake-like  character  possessed  by  this  order  was  rows  of  teeth  on  the 
pterygoid  bones,  iu  addition  to  those  in  the  jaws;  and  a  peculiar  joint 
in  the  lower  jaws,  by  means  of  which,  when  aided  by  the  recurved 
teeth,  the  jaws  could  act  separately  like  arms,  in  dragging  down  their 
throats  prey  which  was  too  large  to  swallow  directly  (Fig.  835). 


b 


Fia.  825.— Jaw  of  a  Edestosaurus,  x  i  (after  Cope). 


The  number  of  species  are  yearly  increasing  by  new  discoveries. 
The  remains  of  at  least  fourteen  hundred  individuals  of  Mosasauroids 
alone  are  now  gathered  in  Marsh's  collection. 

According  to  Cope,  147  species  of  reptiles  have  been  described  from 
the  Cretaceous  of  North  America,  of  which  fifty  are  Mosasaurs,  forty- 
eight  Testudinata  (turtles  and  tortoises),  eighteen  Dinosaurs,  fourteen 
Crocodilians,  thirteen  Sauropterygia  (Plesiosaur-like),  and  four  Ptero- 
saurs. At  least  three  more  Pterosaurs  have  been  found,  making  the 
whole  number  seven  (Marsh). 

In  Europe,  Iguanodons,  Teleosaurs,  Ichthyosaurs,  Plesiosaurs,  and 
Pterosaurs  still  continue  in  the  Cretaceous,  some  of  the  last  being 
twenty-five  feet  in  expanse  of  wing ;  and  also  Mosasaurs  were  intro- 
duced. 

Birds. — The  history  of  the  discovery  of  the  earlier  fossil  birds  is 
instructive.  Until  1858,  with  the  exception  of  the  doubtful  tracks  in 
the  Connecticut  River  sandstone,  no  birds  had  been  found  lower  than 
the  Tertiary.  In  that  year  the  bones  of  a  bird,  probably  related  to  the 
gull,  were  found  in  the  upper  greensand  of  England.  In  1863  the  won- 
derful reptilian  bird  Archmopteryx  mncrotira,  already  described  (p.  4(53), 
was  found  in  the  Solenhofen  limestone  of  Germany  (Upper  Jurassic) 
In  1870,  and  subsequently,  Marsh  discovered  in  the  Cretaceous  of  New 
Jersey  and  Kansas  about  twenty  species  of  birds.  Those  from  New  Jer- 
sey were  from  the  Uppermost  Cretaceous  (Foxhill  group),  and  are 
probably  true  birds — waders  and  swimmers — though  not  of  the  higher 
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orders.  Those  from  Kansas  are  from  a  lower  horizon  (Colorada 
group),  and  are  all  wonderful,  toothed  birds,  entirely  different  from 
any  existing  order.  With  the  exception  of  the  ArchEeopteryx,  these 
are  the  most  extraordinary  birds  yet  discovered.  Some  of  them,  be- 
longing to  the  two  genera  Ichthyornis  and  Apatornis,  may  have  been, 
partly  at  least,  withotct  the  horny  beak  so  characteristic  of  existing 
birds,  but  instead  had  thin,  long,  slender  jaws,  furnished  with  many 
sharp,  conical  teeth,  set  in  sockets,  twenty  on  each  side  below,  and  some- 


Fig.  «20.-Restoration  of  Ichthyornis  victor  (after  Marsh).   One  half  natural  size. 

What  fewer  above  (Fig.  826).  The  edentulous  anterior  part  was  prob- 
ably covered  with  horn.  Their  vertebrte  were  amphiccelous  or  bi- 
concave, as  in  fishes  and  many  extinct  reptiles,  but  in  no  modern  bird 
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(Fig.  828).  Like  modern  birds,  however,  they  had  a  keel  on  the 
breust-boue  for  the  attuchiiiout  of  the  powerful  muscles  of  flight.  The 


Fio.  827.  Fio.  829. 


FioR.  827-831. — OnoNTORNTTHES  ("after  Marshl:  827.  T.owpr  -Tnw  of  Tchthyornis  disimr.  x  2.  S28. 
Cervical  Vertebra  of  same,  x  2.  820.  Lower  Jaw  of  Hesperornis  regalis,  x  J.  830.  Dorsal  Ver- 
tebra, X       831.  Tooth  of  same,  x  2. 

tail  also  is  worthy  of  attention,  being  not  like  that  of  the  Jurassic 
ArchjEopteryx,  but  much  shorter  and  not  so  reptilian  (Marsh).  These 
birds  were  about  the  size  of  a  pigeon,  and  were  evidently  powerful 
fliers.  Fig.  826  is  a  restoration  by  Marsh  of  one  of  this  type.  The 
other  toothed  birds  had  similar  jaws,  but  their  teeth  were  set  in  grooves 
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instead  of  distinct  sockets  (Fig.  829),  and  they  differed  also  in  having 
no  keel  and  in  having  ordinary  bird-vertebra.  (Fig.  830).  These  were 
evidently  divers,  and  incapahle  of  flight.  Two  of  ih^m-IIesperorms 
regalis  and  Lestornis  crassipes—yiQve  of  gigantic  size,  being  from  fave  to 
six  feet  from  snout  to  toe.    In  the  accompanying  figure  (Fig.  832)  we 


Pi6.  832.— Hesperomis  regalis,  x  ^  (restored  by  Marsh). 

give  a  restoration  by  Marsh  of  one  of  these  remarkable  birds.  The  an- 
terior toothless  part  of  the  beak  was  probably  horny.  In  these  birds, 
therefore,  we  have  the  most  extraordinary  combination  of  bird  characters 
with  reptilian  and  fish  characters.  So  extraordinary  and  exceptional  is 
this  combination  of  characters,  that  Marsh  believes  he  is  justified  in 
placing  them  not  only  in  new  orders,  but  even  in  a  new  sub-class.  Ac- 
cording to  this  authority,  the  class  of  Birds  may  be  divided  into  two  sub- 
classes, viz.,  Ornit/ies,  or  true  birds,  and  Odontornitlies,  or  toothed  birds. 
And  the  new  sub-class  Odontornithesinto  three  orders,  viz.:  (1)  SauriircB 
{reptile-tailed),  represented  by  the  Arch^opteryx,  (2)  OdontolciB  (teeth 
in  grooves),  represented  by  the  Hesperornis,  and  (3)  Odontotornm  (teeth 
in  sockets),  represented  by  the  Ichthyornis.  Yet  exceptional  as  these 
characters  may  seem,  they  are  just  what  the  law  of  evolution  would 
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lead  us  to  expect  in  the  earliest  birds.  As  already  stated  (p.  473)  this 
branch  had  not  yet  been  fairly  separated  from  the  reptilian  stem.  It  is 
a  noteworthy  fact  that  these  toothed  birds  lived  at  the  same  time  and 
in  the  same  localities  with  the  toothless  Pterosaurs  mentioned  on 
page  503. 

It  is  well  to  observe  that  in  the  earliest  representatives  of  each  class 
the  brain  is  relatively  very  small.  This  is  true  of  reptiles,  birds,  and 
mammals,  as  Marsh  has  shown.  We  give  below  figures  taken  from  Marsh, 
showing  the  relative  size  of  the  brain  in  living  and  Cretaceous  birds. 

Mammals. — It  is  a  most  remarkable  fact  that  although  Marsupial 
mammals  have  been  found  in  the  Jurassic,  and  probably  existed  in 
considerable  numbers  then,  yet,  except  in  the  Laramie  which  may  be 

regarded  as  a  transition  to  the 
Tertiary,  not  one  has  been  found 
in  the  Cretaceous.  We  know  they 
existed  at  that  time,  for  they  are 
found  in  the  Laramie  of  America 
and  iu  the  Tertiary  of  both  Eu- 
rope and  America,  and  still  exist 
in  Australia  and  elsewhere ;  and 
it  is  a  well-established  law  in 
Paleontology  that  if  a  type  be- 
comes extinct  it  never  reappears  : 
Evolution  never  goes  backward: 
Nature  never  repeats  herself.  It 
is  probable,  therefore,  that  during 
the  Cretaceous  the  Marsupials 
which  doubtless  existed  had  been 
driven  to  some  other  portion  of 
the  earth,  where  we  shall  yet  find 
their  remains  when  our  knowledge 
of  the  geology  of  the  globe  is  more 
complete;  and  in  them  we  shall 
also  probably  find  the  transitions 
to,  or  earliest  progenitors  of,  the 
True  Mammals  of  the  Tertiary.* 


Fia.  833. 


Fio.  834. 
Oiitliiio  nf  tlio  skull  and  brain- 


I'los.  833.  834.-8.S3 

cavity  of  Ichthytirnis  victor  (nftor  Mar.^h),  seen 
from  above.  Five  sixths  iiatiinil  size.  8.34. 
Outline  of  the  sknll  and  brain-cavity  of  Sterna 
cantiaca  (after  Ginelin),  same  view.  Natural 
size.  ol.  olfactory  lobes;  c.  cerebral  hemi- 
spheres; op,  optic  lobes;  cb,  ccrebellura. 


Continuity  of  the  Chalk. 

It  is  probable  that  the  deep 
Atlantic  Ocean  bottom,  where  chalk  is  now  forming,  is  continuous 
with  the  chalk  of  England  and  Central  Europe.  In  other  words,  in 
Cretaceous  times  a  deep  sea  ran  from  the  mid-Atlantic  far  into  what 

*  Or  po33ibly  driven  not  to  another  country,  but  to  uplands  and  mountains,  which  are 
unfavorable  for  preservation  of  their  remains  (Woodworth). 
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is  now  Central  Europe,  and  in  the  wliole  of  this  deep  sea  chalk  was 
then  formed.  At  the  end  of  the  Cretaceous  period  the  eastern  part 
was  raised  and  formed  a  portion  of  Europe,  while  the  rest  remained 
as  deep-sea  bottom,  and  continued  to  malvc  chalk  uiitil  now.  Thus 
tliere  is  no  doubt  that  in  the  deep  Atlantic,  off  the  coast  of  Europe, 
there  has  been  an  unbroken  continuity  of  chalk-making  from  the 
Cretaceous  times  until  now.  But  we  have  seen  (p.  495)  that  many  of 
the  living  deep-sea  species  are  identical  with,  and  nearly  all  extremely 
similar  to,  those  found  in  the  chalk  of  Cretaceous  times.  Thus  there 
has  been  not  only  a  continuity  of  chalk-formation,  but  also  to  some 
extent  of  the  chalk-fauna.,  to  the  present  time. 

These  facts  were  certainly  unexpected,  but,  so  far  from  shaking  the 
foundations  of  geological  science,  as  some  have  imagined,  they  are  in 
perfect  accordance  with  the  fundamental  principles  of  geological  suc- 
cession properly  understood  ;  as  we  now  proceed  to  show  : 

1.  The  facts  of  identity  have  been  exaggerated.  Many  of  the 
Foraminifera  only  are  identical.  Among  Echinoderms  the  identity 
is  generic,  not  specific.  2.  In  comparing  higher  with  lower  species, 
we  find  that  the  lower  species  are  widely  distributed  both  in  space 
(geographically)  and  in  time  (geologically),  and  that  the  continuance 
or  range  in  time  becomes  less  and  less  in  proportion  as  we  rise  in,  the 
scale.    Fig.  835  is  constructed  to  illustrate  this  point;  we  see  that  liv- 
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Pio.  835.— Diagram  illustrating  the  Relative  Duration  of  Lower  and  Uiglier  Species. 


ing  species  of  mammals  extend  back  only  a  little  way  into  the  Quater- 
nary, living  species  of  mollusks  back  to  the  beginning  of  the  Tertiary, 
while  living  species  of  Foraminifera,  as  we  might  expect,  extend  back 
into  the  Cretaceous.  3.  There  is  a  necessary  relation  between  fauna 
and  external  conditions.  Changes  in  the  latter  determine  correspond- 
ing changes  in  the  former.  Now,  deep-sea  conditions  are  evidently 
far  less  subject  to  change — far  more  continuous — than  shallow- water 
and  land  conditions.  For  this  reason,  we  should  expect  deep-sea  faunas 
to  change  very  slowly.  4.  But  this  can  not  affect  the  geological  chro- 
nology, because  this  chronology  rests  almost  wholly  on  the  remains  of 
shnllovx-xoater  and  land  animals.  Chalk  is  the  only  .profound  sea- 
bottom  formation  certainly  known.   It  is,  therefore,  wholly  exceptional. 
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5.  Tlie  reason  it  is  exceptional  is  that,  as  a  broad  general  fact,  the  pres- 
ent continents  have  been,  through  all  geological  times,  steadily  heaved 
upward  out  of  the  ocean,  growing  larger  and  higher ;  and,  therefore, 
the  successive  additions  have  been  nearly  always  shallow  marginal 
bottoms  and  shallotu  interior  seas.  That  the  exception  should  occur  in 
Europe  more  than  in  America,  too,  is  in  keeping  with  the  general 
character  of  the  development  of  the  European  as  contrasted  with  the 
American  Continent.  Chalk  is  also  found  in  Texas,  Kansas,  and  north- 
ward ;  but  here  also  was  a  deep  interior  sea,  an  extension  of  the  Mexi- 
can Gulf.  6.  Conversely,  the  fact  that  chalk  is  so  exceptional  is  proof 
of  the  development  of  continents  as  indicated  under  the  last  head — 
proof  that,  as  a  general  fact,  the  great  inequalities  of  the  earth's  crust, 
which  constitute  land-surfaces  and  sea-bottoms,  have  remained  sub- 
stantially unchanged  in  position  from  the  first,  while  steadily  increas- 
ing in  vertical  dimensions. 

General  Observations  on  the  Mesozoic. 

The  Mesozoic,  and  especially  the  Jurassic,  is  characterized  by  the 
culmination  of  two  great  classes  of  animal,  viz.,  Cephalopod  Molhtsks 
and  Reptiles.,  and  one  of  plants,  the  Cycads.  This  is  shown  in  the  dia- 
gram on  page  294.  The  culmination  of  reptiles  is,  of  course,  its  most 
distinguishing  characteristic.  That  it  was  pre-eminently  an  age  of 
Eeptiles,  may  be  shown  by  a  comparison  of  its  reptilian  fauna  with 
that  of  the  present  day.  There  are  oiow.,  on  the  whole  face  of  the 
earth,  only  six  or  seven  large  reptiles  over  fifteen  feet  long — two  or 
three  in  India,  one  in  Africa,  three  in  America — and  none  over  twenty- 
five  feet  long.  In  the  Wealden  and  Lower  Cretaceous  of  Great  Britaiii 
alone  there  were  sixteen  great  Dinosaurs,  several  twenty  to  fifty  feet 
long,  ten  to  twelve  Crocodilians  and  Enaliosaurs  ten  to  fifty  feet 
long,  besides  Pterodactyls.,  turtles,  etc.  (Dana).  Again,  in  the  Cre- 
taceous of  the  United  States  alone  the  fullness  of  reptilian  life  was 
even  greater;  for  150  species  of  reptiles  have  been  found,  most  of 
them  of  gigantic  size.  Among  these  were  fifty  species  of  Mosa- 
saurs,  some  seventy  to  eighty  feet  long ;  many  huge  Dinosaurs,  twenty 
to  fifty  feet  long ;  besides  Enaliosaurs,  Pterosaurs,  and  gigantic  turtles 
(Cope).  These  axQ  preserved!  But  the  known  fossil  fauna  of  any 
period  is  but  a  fragment  of  the  actual  fauna  of  that  period.  Not  only 
did  reptiles  greatly  predominate,  but  the  age  seemed  to  impress  its  rep- 
tilian character  on  all  other  higher  animals  existing  at  that  time.  The 
birds  were  reptilian  birds,  the  mammals  were  reptilian  mammals.  All 
animals  as  yet  were  oviparous  (birds,  reptiles,  and  monotremes)  or 
semi-oviparous  (marsupials). 

That  the  climate  was  then  warm  and  uniform  is  sufficiejitly  attested 
by  the  character  of  the  fauna  and  flora.    All  great  reptiles  and  all  Cy- 
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Ccads  and  Tree-ferns  are  found  now  only  in  tropical  or  sub-tropical  re- 
gions. This  tropical  fauna  and  flora  were  substaTitially  similar  in  all 
latitudes  in  which  the  strata  have  been  found— even  as  far  north  as 
Spitzbergen  (Nordenskiold)  *  and  to  Exmouth  Island,  77°  (Dana). 
During  the  latter  portion  of  the  Cretaceous  period,  as  indicated  by  the 
abundance  of  deciduous  Dicotyls,  the  climate  of  North  America  had 
become  cooler,  being  about  8°  or  10°  warmer  than  now.  Temperature 
zones  seem  to  begin  to  appear  first  in  the  Cretaceous. 

Disturbance  which  closed  the  Mesozoic— Rocky  Mountain  Revolu- 
tion.— The  disturbance  which  in  America  closed  the  Cretaceous  period 
and  the  Mesozoic  era  was  an  arching  of  the  earth's  crust  over  the  whole 
Plains  and  Plateau  region,  by  which  the  great  interior  Cretaceous  sea, 
which  previously  divided  America  into  two  continents,  was  abolished, 
and  the  continent  became  one.  At  the  same  time  the  Wahsatch  and 
Uintah  Mountains  were  principally  formed,  and  the  eastern  Rocky 
Mountain  range  greatly  elevated.  As  the  Palseozoic  closed  with  the 
Appalachian  revolution,  so  the  Mesozoic  closed  with  what  may  be  called 
the  Rocky  Mountain  revolutio7i.  The  disturbance,  as  usual  with  those 
which  close  an  era,  was  probably  to  some  extent  oscillatory — i.  e.,  the 
continent  was  probably  higher  and  cooler  during  the  latter  part  of  the 
Cretaceous  than  during  the  subsequent  Eocene.  The  change  of  physi- 
cal geography  was  enormous,  and  the  change  of  climate  was  doubtless 
correspondingly  great.  We  ought  to  be  prepared,  therefore,  to  find, 
with  the  opening  of  the  next  era,  a  very  great  change  in  the  organ- 
isms. 

Laramie,  or  Transition  Epoch. 

In  the  schedule  on  page  491,  we  have  indicated  a  transition  epoch 
called  the  Laramie.  There  has  been  much  controversy  about  the  true 
position  of  these  strata.  Some  have  put  them  in  the  Tertiary,  some  in 
the  Cretaceous,  and  some  have  regarded  them  as  completely  transitional 
between  the  two ;  while  still  others  would  solve  the  difficulty  by  assigning 
the  lower  part  to  the  Cretaceous  and  the  upper  part  to  the  Tertiary. 
Stratigraphically  the  Laramie  is  continuous  with  the  Cretaceous  below, 
and  in  some  places  also  with  the  Tertiary  above ;  so  that  the  Creta- 
ceous of  the  West  in  some  places  gradates  through  the  Laramie  into  the 
Tertiary  without  break.  This  is  especially  true  in  California,  where 
the  Dpper  Cretaceous  seems  to  gradate  completely  and  without  break 
through  the  Tejon  group  into  the  Tertiary.  The  difl^culty  of  drawing 
the  line  of  separation  on  paleontological  grounds  is  equally  great. 
The  plants  are  decidedly  Tertiary  in  general  aspect,  but  the  animals, 
especially  the  land-animals,  are  as  decidedly  Cretaceous;  the  shells 
meanwhile  passing  from  the  marine  through  brackish-water  into  fresh- 


*  Geological  Magazine,  November,  1875. 
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water  forms.  Cretaceous  Dinosaurs  still  linger,  but  Tertiary  types  of 
Plants  have  already  taken  possession.    Many  palasobotanists  claim  it 

for  Tertiary.  Nearly 
all  palaBozoologists  put 
it  in  the  Cretaceous. 
There  is  little  doubt 
that  it  is  really  transi- 
tional, although  prob- 
ably more  closely  allied 
with  the  Cretaceous. 

The  explanation  of 
these  facts  is  obvious  : 
We  have  seen  that  at 
the  end  of  the  Creta- 
ceous the  great  interior 
Cretaceous  sea  was 
abolished  by  elevation, 
and  its  place  (as  we 
shall  see  hereafter)  was 
partly  occupied  by 
great  fresh-water  lakes. 
Now,  this  change  took 


Fig.  837.  Fio. 
FiGB.  886-838.-836.  Aralia  dlgitata.  837.  Legnminoeitis  arachioidcs.  838.  Popnius  cnneata. 

place  somewhat  gradually,  the  oceanic  condition  passing  into  the  lake- 
condition  throucjli  an  intermediate  brackish-water  condition  of  isolated 
seas,  the  sedimentation  going  on  all  the  time.    While  oceanic  condi- 
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tions  prevailed,  tlie  deposits  are  undoubtedly  Cretaceous.  When  lake- 
conditions  are  fairly  established,  they  are  undoubtedly  Tertiary;  the 
intermediate  brackish-water  deposits  are  the  Laramie.  But,  as  the 
change  was  gradual  and  the  sedimentation  continuous,  of  course  the 
strata  were  in  places  conformable  throughout.  Thus,  then,  the  Creta- 
ceous was  before,  the  Tertiary  after,  and  the  Laramie  during,  the  Eocky 
Mountain  revolution. 

In  regard  to  the  Life-system  the  explanation  is  similar.  The  aboli- 
tion of  the  interior  Cretaceous  sea  and  the  unification  of  the  continent 
was  a  great  event,  and  produced  very  great  change  in  physical  condi- 
tions. There  was,  therefore,  a  corresponding  change  in  the  Life-sys- 
tem. But  this  was  also  gradual.  The  Cretaceous  Dinosaurs  still  lin- 
gered, ready  to  disappear ;  but  as  new  land  appeared  it  was  taken 
possession  of  by  new  types  of  Plants,  probably  migrated  from  the 
north :  and  thus  Cretaceous  land-animals  and  Tertiary  land-plants  ex- 
isted side  by  side.  Meanwhile  the  marine  shells  by  changing  condi- 
tions were  most  of  them  destroyed,  but  some  changed  through  brackish- 
water  forms  into  fresh-water  forms  of  the  Tertiary.  Some  of  the  steps 
of  this  change  of  moUuscan  types  have  been  traced  (White). 


Fio.  ft39.  Fio.  810. 

Pias.  839,  840.— 839.  Viburnum  Newbcrrianum.   840.  Alnus  Grcwiopsis. 


Such  transition  strata  are  of  especial  interest,  and  de.<?erve  separate 
treatment  in  order  to  emphasize  their  transitional  character. 

Area. — From  what  is  said  above  it  is  evident  that  the  Laramie  ex- 
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ists  over  very  wide  areas  in  the  region  of  the  interior  Cretaceous  sea, 
but  it  is  largely  covered  by  Tertiary  lake  deposits.  It  is,  however, 
exposed  along  the  eastern  base  of  the  Colorado  mountains,  from 
Mexico  northward  far  into  British  America;  also  in  the  Laramie 
plains,  where  it  is  traversed  by  the  Union  Pacific  Railroad.  This  is 
the  typical  locality  from  which  it  takes  its  name.  On  the  Pacific 
coast,  a  part  at  least  of  the  Tejon  group,  and  also  the  principal  coal- 
fields of  California,  Washington,  and  British  Columbia,  probably  be- 
long to  this  horizon.  In  the  typical  locality,  on  the  Laramie  plains, 
the  strata  are  several  thousand  feet  thick.  It  represents,  therefore,  a 
long  period  of  time. 

Life-System — Plants. — The  vegetation  was  very  abundant,  and  the 
plants  had  already  assumed  a  Tertiary  aspect.  About  323  species  of 
plants  are  known,  of  which  226  species  are  Dicotyls.  We  give  a  few 
illustrations  of  these  from  Ward  (Figs.  836-840). 

Coal. — As  the  Palseozoic,  so  also  the  Mesozoic  closes  with  a  great 
coal  period  (Dana).  Conditions  seem  to  have  been  again  favorable  for 
the  accumulation  and  preservation  of  the  abundant  vegetation.  Next 
to  the  Carboniferous,  by  far  the  largest  coal-fields  of  the  United 
States  and  of  British  America  belong  to  the  Cretaceous,  and  especially 
to  this  horizon.  The  most  important  of  these  Cretaceous  coals  are  the 
following :  1.  A  large  field  covering  the  greater  portion  of  Western 
Kansas  and  Eastern  Colorado.  2.  Another  valuable  field  in  New 
Mexico,  of  almost  equal  size.  3.  Still  another  of  greater  size  in 
Dakota,  and  extending  northward  far  into  British  America.  These 
are,  all  of  them,  on  the  Plains.  4.  On  the  Plateau  a  valuable  field 
covers  nearly  the  whole  of  the  Laramie  plains  in  Wyoming,  and 
stretching  to  the  border  of  Utah.  The  area  of  these  coal-fields  of  the 
Plains  and  Plateau  region  is  not  known,  but  must  be  enormous. 
Some  of  the  fields  are  also  of  extraordinary  richness,  the  seams  being 
often  fifteen  to  twenty  feet  thick.  They  almost  rival  the  great  fields 
of  the  Carboniferous,  already  described.  On  the  Pacific  border  there 
are  several  fields,  which  probably  belong  to  the  same  horizon,  viz. :  1. 
Monte  Diablo  and  Corral  Hollow  coal-field  in  California.  2.  Seattle, 
Carbon  Hill,  and  Bellingham  Bay  coals  of  Washington.  3.  Nanaimo 
or  Wellington  coals  of  Vancouver's  Island,  British  Columbia.  This 
last,  however,  probably  belongs  to  the  Cretaceous  proper,  not  to  the 
Laramie. 

Cretaceous  coal  occurs  also  in  other  countries  in  large  quantities, 
especially  in  Northern  France  and  in  China. 

It  is  usual  to  call  all-  these  later  coals  Lignites,  and  to  imagine  that 
they  are  very  inferior  ;  but  much  of  the  Laramie  coal  is  of  good  quality, 
and  hardly  distinguishable  in  appearance  from  coal  of  the  Carbonifer- 
ous age. 
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Animals— We  give  a  few  characteristic  sliells,  taken  from  "White 
(Figs.  8il-844) ;  but  the  greatest  interest  centers  in  the  Dinosaurs, 


Fig.  841.  Fig.  844.  Pig.  843. 

Figs.  841-844.— Laramie  Shelis  fafter  Wliitel:  841.  TJnio  Holmesianns.    842.  CorlDicula  fracta. 
843.  Melania  Wyomingensis.   844.  Viviparas  trochiformis. 


and  especially  the  recently  discovered  mammals  of  this  epoch.  As  we 
have  already  said,  the  Dinosaurs  still  continued  to  linger,  but  under 
rapidly  changing  conditions,  and  ready  to  disappear.  And  here,  again, 
as  in  the  case  of  Ammonites  (p.  499),  we  observe  that  the  last  survivors 
take  on  strange  and  grotesque  forms.  In  this  class,  also,  as  in  the  case 
of  Ammonites,  the  wave  of  evolution  crested  and  broke  into  strange 
forms  at  the  moment  of  its  dissolution.  The  most  remarkable  of  all 
Dinosaurs  were  the  different  species  of  Triceratops  (threo-horned  face, 
Fig.  845).    This  genus  was  characterized  by  the  possession  of  two 


Fig.  845. — Triceratops  prorsus  (after  Mursli;,  x      Cretaceous,  Wyoming. 


enormous  horns,  three  feet  long  and  ten  inches  in  diameter  on  the 
frontal  bones,  and  one  of  smaller  size  on  the  nose ;  and  by  a  large  oc- 
cipital crest  projecting  backward  and  outward  and  curving  downward, 
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and  fringed  around  with  short  horns  somewhat  in  the  manner  of  the 
horned  lizard  {Phrynosoma).  Tlie  end  of  the  snout  also  was  toothless, 
and  covered  with  horn  forming  a  beak.  A  head  of  one  of  these  has 
been  found  more  than  six  feet  long  and  four  feet  wide,  and  another 


Fig.  846.— Diclonius  mirabilis,  x  ^  (after  Cope). 

over  eight  feet  long.  Of  all  reptiles  this  was  probably  the  most  beast- 
like in  its  tread. 

Another  strange  Dinosaur  of  this  time  was  the  Diclonius  mirabilis 
of  Leidy,  a  head  of  which  is  given  in  Fig.  846  and  a  restoration  by 
Marsh  of  another  similar  genus  in  Fig.  847.    This  was  a  huge  bi- 
pedal herbivore,  thirty-eight  feet  long,  and  head 
three  and  a  half  feet,  with  curious  spoon-bill-like 
beak  and  magazines  of  numerous  teeth  (two  thou- 
sand in  all),  somewhat  like  those  of  the  Hadrosaur 
already  described  (p.  503). 

Mammals. — The  great  gap  between 
the  Jurassic  and  Tertiary  mammals 
mentioned  on  page  510  has  only  very 
recently  (1889)  been  partly  filled  by 
the  discovery  by  Marsh  of  twenty- 
four    species  of 
mammals  from 
the  Laramie.  The 
teeth  of  two  of  the 
^         ,  most  characteristic 

Fig.  847.— Claosaurus  annectens  (after  Marsh),  xj^j,  Luramie,  Wyoming. 

species  are  given 

in  Figs.  848  and  849.  These  very  important  discoveries  of  ^larsli 
were  supposed  to  be  unique.  But  in  1890  Lemoine  found  at  Cernay, 
France,  a  mammalian  fauna  in  which  Metatheres  and  monotrenies, 
extremely  similar  to  those  of  the  Laramie,  are  associated  with 
Eutheres  characteristic  of  the  lowest  Tertiary  (Puerco-beds).*  Thus 
the  connection  of  the  Laramie  with  the  Tertiary  is  made  still  closer. 
Nevertheless  a  gap  still  remains ;  we  still  look  in  vain  for  the  im- 
mediate progenitors  of  the  Tertiary  mammals.    They  will  doubtless 


*  Bulletin,  Geological  Society  of  France,  vol.  xviii,  pp.  219,  321  (1890). 
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Fig.  848.  Fro.  849. 

Figs.  848  and  849.— Laramie  Mammals  (after  Marsli):  848.  Cimolomya  gracilis,  x  3.   849.  Halodon 

sculptus,  X  2. 


yet  be  found  in  the  Cretaceous  and  probably  in  the  Laramie  of  this  or 
possibly  some  other  country,  from  which  they  migrated  at  the  begin- 
ning of  the  Tertiary. 


CHAPTER  V. 
CENOZOIC  ERA— AGE  OF  MAMMALS. 

This  deserves  the  rank  of  a  distinct  era,  and  the  corresponding 
rocks  that  of  a  distinct  system,  because  there  is  here  a  great  break  in 
the  rock-system,  and  a  still  greater  break  in  the  life-system.  Between 
the  rocks  of  the  Cretaceous  and  Tertiary  there  is,  in  Europe,  almost 
universal  unconformity.  In  America,  on  the  contrary,  especially  on  the 
Western  Plains  and  in  California,  there  seems  to  be  in  some  places  a 
continuous  series  of  conformable  rocks  connecting  the  two  eras  (Hay- 
den).  TJie  record  seems  to  he  continuous.  Yet  here,  no  less  than  in 
Europe,  there  is  at  a  certain  horizon  a  rapid  and  most  extraordinary 
change  in  the  life-system.  This  it  seems  impossible  to  explain  on  the 
theory  of  evolution  unless  we  admit  periods  of  rapid  evolution.  The 
reason  why  there  is  no  general  unconformity  in  America  is,  evidently, 
that  the  movement  here  was  continental,  and  not  mere  mountain-mak- 
ing and  strata-crushing.  Such  continental  movements,  however,  would 
produce  very  great  changes  in  climate,  and  therefore  in  organic  forms. 
The  end  of  the  J urassic  was  a  period  of  mountain-making,  and  there- 
fore of  unconformity — the  end  of  the  Cretaceous,  pre-eminently  a  time 
of  continent-making,  and  but  little  unconformity,  but  very  great  change 
of  climate.  Therefore,  although  the  interval  lost  in  America  seems 
greater  at  the  end  of  the  Jurassic,  the  change  of  fauna  and  flora  was 
far  greater  at  the  end  of  the  Cretaceous. 

General  Characteristics  of  the  Cenozoic  Era.— As  indicated  by  the 
name,  modern  history  commences  here ;  modern  types  were  introduced 
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or  became  predominant;  the  present  aspect  of  field  and  forest  com- 
mences, and  the  present  adjustment  of  the  relations  of  the  great  classes 
and  orders  was  established.  Then,  as  now,  the  rulers  of  the  seas  were 
great  sharks  and  whales ;  the  rulers  of  the  land,  mammalian  quadru- 
peds ;  and  the  rulers  of  the  air,  birds  and  bats.  Many  of  the  genera 
and  some  of  the  species  of  both  animals  and  plants  were  identical  with 
those  still  living.  The  dominant  class  becomes  now  Mammals :  Rep- 
tiles, therefore,  in  accordance  with  a  necessary  law,  decrease  in  size  and 
number,  and  thus  find  safety  in  a  subordinate  position.  In  some  of 
these  characteristics  the  ,  Cenozoic  era  was  anticipated  in  the  Upper 
Cretaceous,  in  accordance  with  the  law  that  the  first  beginnings  of  each 
age  is  in  the  preceding  age. 

Divisions. — The  Cenozoic  era,  or  age  of  Mammals,  embraces  two 
periods,  viz. :  1.  The  Tertiarij,  and  2.  The  Quaternary.  In  the  Ter- 
tiary all  the  mammals  are  now  wholly  extinct,  but  the  invertebrate 
species  are  some  of  them  still  living,  and  an  increasing  percentage  of 
living  species  appears  as  time  progresses.  In  the  Quaternary  most, 
though  not  all,  of  the  mammalian  species  are  extinct,  but  nearly  all 
(ninety-five  or  more  per  cent)  of  the  invertebrate  species  are  living. 


CRETACEOUS 

r     E    R    T    1     A    R  Y 

Q  UATER/\ 

A  ff  y    |(  RECENT 

EOCENE 

MIOCENE 

:  PLIOCENE 

OiLAC  CHAM 

1  TER    11  RECENT 

M 

Will 

11 

1 

Fig.  850. — Diagram  illustrating  the  Relative  Duration  of  Lower  and  Higher  Species. 


These  facts  are  graphically  represented  in  the  following  diagram,  in 
which  the  curved  ascending  lines  are  the  lines  of  appearaiice  of  living 
species,  and  of  extinction  of  extinct  species  of  Foraminifera,  of  mol- 
luscous shells  and  of  mammals.  In  each  case  the  lower  shaded  space 
represents  living  species  appearing  in  small  numbers,  and  increasing 
with  the  progress  of  time ;  and  the  upper  unshaded  or  less  shaded 
space,  previous  species  gradually  dying  out  and  becoming  extinct.  It 
is  seen  that  living  species  of  Foraminifera  commenced  in  the  Creta- 
ceous, and  very  steadily  increased  in  number;  those  of  shells  com- 
menced in  the  earliest  Tertiary,  and  increased  somewhat  more  rapidly ; 
while  those  of  mammals  commenced  only  in  the  Quaternary,  and  in- 
creased correspondingly  rapidly.  Also  the  relative  proportion  of  living 
and  extinct  at  any  time  is  shown  by  comparing  the  amount  of  space 
above  and  below  the  line  at  that  time.  Also  the  relative  range  in  time 
of  low  and  high  species,  and  the  amount  of  overlapping  of  successive 
faunae  are  shown. 
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The  mammalian  class  probably  culminated  near  the  end  of  the  Ter- 
tiary or  during  the  Quaternary  period. 

Section  1. — Tertiary  Period. 

Subdivisions. — We  have  already  stated  that  the  general  differential 
characteristic  of  this  period,  as  compared  with  the  next,  is  that  all  the 
mammals,  and  most  of  the  invertebrates,  are  extinct ;  but  of  the  latter 
a  percentage,  small  at  first  but  increasing  with  the  progress  of  time, 
are  still  living.  It  is  upon  this  percentage  of  living  shells  that  Lyell 
has  based  his  division  of  the  Tertiary  period  into  three  epochs — a 
Lower,  Middle,  and  Upper  Tertiary,  or  Eocene,  Miocene,  and  Pliocene. 


Tertiary  period. 


'  Pliocene  epoch,  or  Upper  Tertiary  =  50-90  per  cent  living  shells. 
Miocene  epoch,  or  Middle  Tertiary  =  30  per  cent  living  shells. 
Eocene  epoch,  or  Lower  Tertiary  =  5-10  per  cent  living  shells. 


These  percentages  are  expressed  graphically  in  the  diagram.  Fig. 
850.  In  these,  as  in  the  strata  of  all  periods,  however,  there  are  cer- 
tain characteristic  species  by  which  the  epoch  may  be  known,  without 
counting  the  number  of  species  and  calculating  the  percentage  of  liv- 
ing. When  mammalian  species  are  found,  these  are  especially  charac- 
teristic of  the  epoch.  Again :  Although  Tertiary  mammalian  species 
are  all  extinct,  the  genera  and  families  are  not  all ;  so  that  the  first 
appearance  of  living  families  and  genera  is  also  very  characteristic  of 
the  different  epochs. 

Rock-Systein — Area  in  the  United  States. — On  the  Atlantic  border, 
going  southward,  there  is  no  Tertiary,  except  a  small  patch  on  Martha's 
Vineyard,  off  the  coast  of  Massachusetts,  and  another  on  Long  Island, 
until  we  reach  New  Jersey.  From  this  point  southward  the  Tertiary 
is  a  broad  strip,  about  one  hundred  miles  wide,  bordering  the  coast, 
and  shown  on  the  map  (p.  302)  by  the  space  shaded  with  oblique  lines 
running  to  the  right.  It  constitutes  the  low-countries  of  the  Southern 
Atlantic  States.  At  its  junction  with  the  metamorphic  region  of  the 
up-countries,  there  are  in  nearly  all  the  rivers  cascades  which  determine 
the  head  of  navigation.  Here,  therefore,  are  situated  many  important 
towns — e.  g.,  Richmond,  Virginia;  Ealeigh,  North  Carolina;  Colum- 
bia, South  Carolina;  Augusta,  Milledgeville,  and  Macon,  Georgia. 
This  has  been  called  the  Fall-line.  The  same  strip  of  flat  lands 
borders  also  the  Oulf,  expands,  in  the  region  of  the  Mississippi  River, 
northward  to  the  mouth  of  the  Ohio,  and  then  continues  around  the 
western  border  of  the  Gulf.  In  the  Gulf-border  region,  however,  the 
Tertiary  is  in  contact  below  with  the  Cretaceous,  instead  of  with 
Archaean,  as  on  the  Atlantic  border.  This  whole  Atlantic-border  and 
Gulf-border  Tertiary  is,  of  course,  a  marine  deposit. 
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In  the  interior,  on  the  Plains  and  in  the  Rocky  Mountain  region, 
there  are  enormous  areas  of  fresh-waler  deposit,  some  Eocene,  some 
Miocene,  and  some  Pliocene,  which  are  of  extreme  interest. 

Among  the  Eocene  basins  the  most  remarkable  are  :  1.  The  Green 
River  basin.  3.  The  Uintah  basin.  Both  of  these  are  on  the  east  side 
of  the  Wahsatch  Mountains,  and  separated  from  each  other  by  the 
Uintah  Mountains,  one  being  north  and  the  other  south  of  that  range. 
They  were  possibly  once  united,  but  now  separated  by  erosion.  The 
strata  of  the  Green  River  basin  are  6,000  to  8,000  feet  thick. 

Among  the  Miocene  basins  the  most  interesting  are :  1.  The  White 
River  basin,  in  Nebraska.  2.  The  John  Day  basin,  of  Oregon.  This 
latter  is  5,000  feet  thick,  but  is  largely  overlaid  by  the  great  lava-flood 
of  the  Northwest.  3.  Patches  of  Miocene  scattered  about  in  Nevada 
basin  region  show  that  deposits  of  this  age  once  extended  far  south  into 
Nevada  and  Eastern  California  (King). 

Of  Pliocene  basins :  1.  Niobrara  (or  Loup-fork)  basin,  occupying 
partly  the  same  locality  as  the  Miocene  White  River  basin,  but  more 
extensive,  reaching  southward  in  patches  almost  to  the  Gulf,  and  north- 
ward into  British  America.  2.  In  Oregon  also  there  is  a  Pliocene  basin, 
occupying  partly  the  same  region  as  the  previous  Miocene.  3.  Another 
discovered  by  Cope  in  the  basin  of  the  Rio  Grande.    4.  According  to 


Fio.  851.— Mauvaises  Tcri-cs,  Bad  Lamia  (after  Hayden). 


King,  the  Oregon  and  Nevada  lake-deposit  was  in  Pliocene  times 
greatly  extended,  so  as  to  cover  the  whole  Basin  region,  but  has  been 
largely  removed  by  erosion  or  covered  by  Quaternary  deposits.^ 

All  these  deposits  are  imperfectly  lithified  sand  and  clays  in  nearly 
horizontal  position,  and  many  of  them  have  been  worn  by  erosive  agen- 
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cies  in  the  most  remarkable  way,  sometimes  into  knobs  and  buttes  like 
potato-hills  ou  a  large  scale,  sometimes  into  castellated  and  pinnacled 
forms,  which  resemble  ruined  cities.  These  are  the  Mauvaises 
Terras"  or  "  Bad  Lands"  of  the  West  (Fig.  851). 

On  the  Pacific  coast,  a  large  portion  of  the  Coast  Kanges  from 
Southern  California  to  Washington  is  Tertiary,  as  are  also  in  many 
places  the  lowest  foot-hills  of  the  Sierras. 

Physical  Geography. — From  what  has  been  said  of  the  distribution 
of  the  rocks  of  this  age,  it  is  easy  to  reconstruct  in  a  general  way  the 
physical  geography  of  the  American  Continent  during  the  early  Ter- 
tiary period.  In  the  northern  part  the  Atlantic  shore-line  was  prob- 
ably beyond  the  present  line,  for  there  is  no  Tertiary  deposit  visible  there. 
The  shore-line  of  that  time  crossed  the  present  shore-line  in  New  Jersey, 
then  passed  along  the  line  of  junction  of  the  Tertiary,  first  with  the 
Cretaceous  of  New  Jersey ;  then  with  the  Metamorphic,  its  waves  wash- 
ing shores  of  Archsean  rocks  all  along  the  Atlantic  coasts,  as  it  does  now 
in  the  northern  portion  only ;  then  along  the  junction  of  the  same  again 
with  the  Cretaceous  of  Georgia,  Alabama,  and  Mississippi.  The  whole 
low-countries  of  the  Southern  Atlantic  States  and  the  whole  of  Florida 
were  then  a  sea-bottom.  The  Gulf  of  Mexico  was  far  more  extensive 
than  now,  and  especially  it  sent  a  wide  bay  northward  to  the  mouth  of 
the  Ohio.  The  Mississippi  River  below  that  point  did  not  then  exist. 
The  Ohio,  Arkansas,  and  Red  Rivers  emptied  by  separate  mouths  into 
the  embayment  of  the  Gulf. 

This  was  at  the  beginning.  During  the  course  of  the  Tertiary  the 
shore-line  was  gradually  transferred  eastward  along  the  Atlantic,  and 
southward  along  the  Gulf,  as  shown  by  the  dotted  lines  introduced  in 
the  Tertiary  areas  in  the  map  on  page  302. 

In  the  interior,  in  the  region  of  the  Plains,  the  Plateau,  and  the 
Basin,  there  were  at  different  times  immense  fresh-water  lahes.  The 
places  of  some  of  these  are  indicated  on  map,  Fig.  853,  in  dotted  out- 
line. These  outlines,  however,  are  not  intended  to  be  accurate.  These 
lakes  drained  some  of  them  into  the  Mississippi,  some  into  the  Colo- 
rado, and  some  into  the  Columbia  River. 

TJie  Pacific  shore-line  at  that  time  was  along  the  foot-hills  of  the 
Sierra  Range,  and  therefore  the  whole  region  occupied  by  the  Coast 
Ranges  and  the  Sacramento  and  San  Joaquin  Valleys,  and  also  portions 
of  Western  Oregon,  were  then  a  sea-bottom  with  possibly  a  chain  of 
islands  off  the  coast  in  the  position  of  the  present  Coast  Range.  These 
facts  are  roughly  represented  on  map.  Fig.  852.  The  positions  of  the 
principal  mountain-chains,  e.  g..  Sierra,  Wahsatch,  Uintah,  the  eastern 
border  of  the  Rocky  Mountains,  and  Appalachian,  are  represented  by 
heavy  lines,  in  order  the  better  to  locate  the  lakes.  It  will  be  observed 
that  the  continent  is  nearly  finished. 
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Europe  is  now  remarkable  for  its  inland  seas.  It  was  much  more 
so  iu  Tertiary  times.    Many  great  cities,  as,  for  example,  London, 


Pig.  832.— Map  of  Tertiary  Times,  showing  Outline  of  Coast  and  Places  of  Principal  Tertiary  Lakes. 


Paris,  Vienna,  are  situated  on  Tertiary  strata,  partly  because  these 
strata  are  usually  found  on  the  borders  of  continents,  and  partly  be- 
cause they  are  often  found  in  the  course  of  great  rivers,  which  once 
drained  lake-basins. 

Character  of  the  Rocks. — The  rocks  of  this  period,  along  the  At- 
lantic border  and  in  the  interior  Plains  and  Rocky  Mountain  region, 
are  mostly  imperfectly  lithified  ;  but  on  the  Pacific  coast  they  are  not 
only  of  stony  hardness,  but  in  many  cases  completely  metamorpliic. 
Much  of  the  rock  in  the  Coast  Chain  is  scarcely  distinguishable  from  the 
schists  of  the  Palaeozoic  or  still  older  periods.  The  reason  is  evident — 
metamorphism  is  closely  connected  with  mountain-making,  and  moun- 
tain-making continued  until  the  end  of  the  Tertiary  on  the  Pacific  coast. 

Coal. — Again,  in  the  Tertiary  rocks  we  find  coal,  although  more 
usually  in  the  imperfect  condition  called  lignite.  We  have  already 
stated  that  the  Rocky  Mountain  coal-fields  are  by  some  referred  to  the 
Tertiary.  We  have  referred  these  to  the  Laramie.  But  there  are 
others  about  which  there  is  as  yet  no  controversy.  The  Coos  Bay  coal, 
of  Oregon,  is  probably  Miocene-Tertiary.  The  Nevada  coal  is  Upper 
Eocene  or  Lower  Miocene.  Again,  Mr.  Selwyn,  the  Geologist  of 
Canada,  has  reported  large  fields  of  coal  on  the  Qu'Appelle  and  the 
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North  Saskatchewan  Rivers,  covering  an  area  of  25,000  square  miles,  a 
part,  at  least,  of  which  he  refers  to  the  Tertiary.  Much  of  this  coal  is 
of  good  quality.  It  seems  most  probable,  liowever,  that  this  also 
belongs  mostly  to  the  Laramie. 

In  Europe  also  an  imperfect  coal  (lignite)  is  found  in  the  Miocene 
in  considerable  quantity. 

Petroleum. — In  strata  of  this  age  occur  the  petroleum  and  asphalt 
so  abundant  in  the  Coast  Range  of  South  California. 

Lava-fields. — The  great  lava-fields  of  the  western  part  of  the  con- 
tinent belong  mostly  to  the  Tertiary  :  (1)  The  great  Lava-flood  of  the 
Northwest  (already  spoken  of  on  p.  318),  which  covers  Northern 
California,  Northwestern  Nevada,  a  large  part  of  Oregon,  Washington, 
and  Idaho,  and  extends  far  into  Montana  and  British  Columbia. 
This  is  one  of  the  largest  fields  in  the  world.  (2)  The  lava-field  of 
the  Coast  Range  of  California,  especially  in  Napa  and  Lake  Counties, 
and  northward  into  Oregon.  (3)  Enormous  fields  in  the  Plateau  and 
Basil!  regions.  The  Tertiary  was  undoubtedly  a  period  of  exceptional 
volcanic  activity,  but  it  must  be  remembered  that  earlier  outpour- 
ings have  been  mostly  removed  by  erosion  and  only  their  roots  left  in 
the  form  of  dikes.  Even  Tertiary  eruptions  have  in  many  cases  been 
largely  thus  removed.  We  have  a  striking  illustration  of  this  in  the 
Mt.  Taylor  group,  which,  according  to  Dutton,  consists  of  mere  wrecks 
of  Tertiary  volcanoes.  During  later  Tertiary  times  not  only  their  over- 
flows, but  the  strata  through  which  they  came  up,  have  been  swept 
clean  away,  and  only  the  cores  of  lava  filling  their  craters  have  been 
left  as  "  necks  "  standing  above  the  surrounding  country  as  witnesses 
of  the  amount  of  general  ei'osion. 

Life- System. 

General  Remarks. — We  have  already  spoken  of  the  great  and  rapid 
change  in  the  life-system  between  the  Cretaceous  and  the  Tertiary, 
even  where  the  two  series  of  rocks  are  continuous  and  conformable. 
This  indicates,  undoubtedly,  a  more  rapid  rate  of  evolution  at  that 
time.  But  it  also  indicates,  as  one  cause  of  this  rapid  evolution,  a 
migration  of  species  brought  about  by  changes  in  physical  geography 
and  climate,  and  the  imposition  of  one  fauna  and  flora  upon  another, 
and  the  extermination  or  else  modification  of  one  by  the  other.  It  is 
difficult  to  conceive  of  these  sudden  changes  taking  place  otherwise. 
We  shall  speak  more  fully  of  this  important  point  under  the  Quaternary. 

The  general  character  of  the  life-system  of  the  Tertiary,  as  already 
said,  was  in  the  main  similar  to  the  present.  Nearly  all  the  genera 
and  many  of  the  species  of  plants  and  invertebrate  animals  were  the 
same  as  now,  and  the  difference  in  aspect  would  hardly  be  recognized 
by  the  popular  eye;  it  was  certainly  not  greater  than  now  exists 
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between  different  countries.  It  is  only  among  Mammals  that  the 
dillereuce  was  very  conspicuous. 

Plants. 

Among  plants,  nearly  all  the  genera  of  Picotyls,  Palms,  and 
Grasses  were  the  same  as  now,  though  most  of  the  species  are  extinct. 
The  cereals,  however,  were  not  yet  introduced.  The  genera  were  the 
same  as  nozv,  but  not  in  the  same  localities.  On  the  contrary,  the 
vegetation  indicated  a  much  warmer  climate  than  exists  now  in  the 
same  localities.  For  example,  if  we  regard  the  Lignitic  as  Eocene- 
Tertiary  (instead  of  Cretaceous),  as  do  paleontological  botanists  gener- 
ally, then  of  more  than  300  species  of  plants  found  a  very  large  pro- 
portion were  Palms,  and  many  of  them  of  great  size ;  and  among  the 
Dicotyls  many,  like  Magnolias,  indicated  a  warm  climate.  Lesquereux 
thinks  the  climate  of  Fort  Union  was  then  similar  to  that  of  Florida 
and  Lower  Louisiana  noiv.  There  has  been  a  southward  migration 
of  forms  since  that  time.  Again,  in  Eocene  times  there  were  fifteen 
species  of  Palms  in  Europe;  and  in  the  Tyrol  the  flora,  according  to 
Von  Ettingshausen,  indicated  a  temperature  of  74°  to  81°  Fahr.,  and 
many  of  the  plants  are  Australian  in  type.  In  the  Pliocene,  on  the 
contrary,  many  European  plants  were  like  those  in  America  at  the 
present  time. 

During  the  Miocene,  Europe  was  covered  with  evergreens  such  as 
could  grow  now  only  in  the  southernmost  part ;  and  that  even  as  far 
as  Lapland,  and  Iceland,  and  Spitzbergen.  It  has  been  estimated  that 
the  Miocene  flora  indicates  a  mean  temperature  of  12°  to  15°  higher 
than  now  exists  in  Middle  Europe.  In  America,  during  the  same 
epoch.  Sequoias  almost  identical  with  the  Big  Tree  and  Redwood  of 
California;  and  Libocedrus,  one  of  them  identical  with  the  L.  decur- 
rens  of  California;  and  Magnolias  similar  to  the  M.  grandiflora  of  the 
Southern  Atlantic  States  ;  and  Taxodium  distichum,  the  cypress  of  the 
swamps  of  Carolina  and  Louisiana,  all  existed  in  Greenland,  and  most 
of  them  also  in  Northern  Europe,  and  Iceland,  and  Spitzbergen,  and 
even  Grinnell  Land,  81°  north  latitude.  Heer  estimates  the  tempera- 
ture of  Greenland  in  the  Miocene  as  30°  higher  than  now.  Evidently 
there  was  no  polar  ice-cap  at  that  time.  The  testimony  of  the 
plants  is  entirely  confirmed  by  that  of  the  fossil  shells.  According 
to  Dall,  the  mean  temperature  of  the  Sea  of  Okhotsk  in  Miocene 
time  must  have  been  60°  to  70°,  where  now  it  is  28°.  There  is  little 
doubt  that  the  luxuriance  of  vegetation  everywhere  was  far  greater 
than  now. 

It  is  interesting  to  note  again  remnants  of  former  types  of  vegeta- 
tion now  almost  extinct.  Accordiug  to  Ward,  there  are  about  fifty 
species  of  Sequoias  known.    They  ranged  in  time  from  the  Lower 
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Cretaceous  to  the  present  and  in  space  from  Greenland  and  Spitz- 
bergen  on  the  north  to  Chili  and  New  Zealand  on  the  south,  but 
their  culmination  in  number  was  in  the  Tertiary.  Only  two  remain, 
and  these  only  in  isolated  patches  in  California. 

These  facts  show  not  only  a  warm  but  a  uniform  climate,  and  prob- 
ably also  a  connection  in  high  latitudes  between  the  American  and  Eit- 
rnpean  Contineiits.    A  similar  connection,  shown  also  by  the  vegeta- 


FiG.  855.  Fig.  S.'iS. 


Fig.  860. 

Figs.  853-8R0. — American  Tertiakt  Plants  (after  Snilorcl  and  Leeqiierenx"):  85.3.  CinnamoTntim 
Mississippiense.  8.'i4.  Qiiercus  crapsinervis.  855.  Andromeda  vaccinifolim  afflTiis.  8.50.  Carpo- 
lithep  irregularis.  857.  Fapriis  ferriieinea — Nut.  858.  Fruit  of  Sequoia  Laugsdorlli  (after  Ileer). 
8.59.  Leaf  of  Sequoia  Langsdorfii  (after  Hecr).   860.  Quercus  Saffordi. 

tion,  probably  existed  between  Alaska  and  the  Asiatic  Continent  at 
that  time.  The  accompanying  figures  represent  some  of  the  Dicotyls 
and  Monocotyls  of  American  and  European  Tertiary. 

Another  conclusion  to  be  drawn  from  the  foregoing  facts  is  that,  in 
the  race  of  evolution,  Europe  seems  to  have  distanced  most  other  coun- 
tries.   The  Australian  flora  is  now  only  where  the  European  flora  was 
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Pto.  865.  Pig.  8B6. 


Pios.  861-867. — ^Plants  op  Europban  Teutiart:  861.  Chainicrops  Ilolvcticn.  862.  Sabal  major. 
863.  PlataniiB  aceroides:  a,  Leaf;  b.  Core  of  aClusfcr  of  Fruits;  c.  Sincle  Prnit.  864.  Cinnamo- 
mnm  polymorplinm;  a,  Leaf;  h.  Flower.  86.5.  Acer  trilobatnin:  a.  Leaf;  b.  Flower;  c  Seed. 
806.  Podogonliim  Knorrii.  807.  Liquidambar  Europeum,  from  CEiiiiigeii:  a.  Leaf;  b,  Fruit  (aftcr 
Heer). 

in  Eocene  times,  and  the  American  flora  now  where  the  European  was 
in  the  Pliocene.   The  probable  reason  is  that,  in  Europe,  in  these  later 


TERTIARY  PLANTS. 


529 


geological  times,*  changes  of  physical  geography  and  climate,  and  con- 
sequent migrations  of  species,  were  more  frequent,  and  the  struggle  for 
life  more  severe.  Australia  especially,  probably  on  account  of  its  isola- 
tion, has  advanced  more  slowly  than  most  other  countries.  Many  rem- 
nants of  extinct  faunas  and  floras  exist  there  still. 

Still  another  conclusion  is  that  the  floras  of  Europe,  America,  and 
Australia  were  far  less  differentiated  from  one  another  then  than  now. 

It  is  also  very  noteworthy  that  while  Sequoias  and  Cypresses  and 
Taxodiums  were  so  abundant,  we  find  no  true  Pines  until  the  Mid- 
Tertiary.  These  are  the  latest  as  they  are  also  the  most  specialized  of 
Conifers. 

Diatoms. — If  the  highest  of  plants — Dicotyls  and  Monocotyls — 
were  abundant,  probably  more  abundant  than  now,  so  also  were  the 
lowest  order  of  uni-celled  plants — the  Diatoms.  Immense  deposits, 
consisting  wholly  of  the  silicious  shells  of  these  microscopic  plants,  are 


Fig.  868.— Microscopic  View  of  Kichmond  Infusorial  Earth  (by  Elirenberg). 

found  in  the  Tertiary.  In  Europe  the  Bohemian  deposit  is  celebrated. 
It  is  fourteen  feet  thick,  and  every  cubic  inch  of  the  material,  accord- 

*  Tn  Cretaceous  times  the  flora  of  America  seems  to  have  been  more  advanced  than 
that  of  Europe. 

85 


530 


OENOZOIO  ERA— AGE  OF  MAMMALS. 


ing  to  Elirenberg,  contains  40,000,000,000  shells.  The  Richmond 
(Virginia)  deposit  is  equally  well  known.  It  is  thirty  feet  thick,  and 
many  miles  in  extent.  Similar  deposits  are  especially  abundant  in 
California.  They  are  found  in  at  least  a  dozen  localities  where  the 
Tertiary  rocks  prevail,  as,  for  example,  at  San  Pablo,  in  Shasta  County, 
and  near  Monterey,  the  last  deposit  being  fifty  feet  thick. 

Some  of  the  more  remarkable  forms  of  Diatoms  are  shown  in  Fig. 
868,  which  is  a  view  under  the  microscope  of  the  Richmond  deposit. 

Deposits  of  this  kind  are  usually  called  infusorial  earths.  They 
may  often  be  recognized,  even  without  microscopic  examination,  by 
their  soft,  chalky  consistence,  their  insolubility  in  acids,  and  their 
extreme  lightness. 

Origin  of  Infusorial  Earths. — It  is  well  known  that  mud  composed 
of  diatom  shells  accumulates  at  the  bottoms  of  ponds,  and  lakes, 
and  sluggish  streams.  In  the  deepest  parts  of  Lake  Tahoe,  where 
sediments  do  not  reach,  the  ooze  is  composed  wholly  of  infusorial 
shells.  It  has  been  shown,  also,  by  Dr.  Blake,*  that  the  deposits  from 
hot  springs  of  California  and  Nevada,  even  where  the  temperature  is 
163°  to  174°,  abound  in  Diatoms  of  the  same  species  as  those  found  in 
California  infusorial  earths.  It  is  probable,  therefore,  that  many  of 
these  deposits  were  made  in  hot  springs  and  hot  lakes,  which,  judging 
from  the  volcanic  activity  of  that  time,  abounded  in  California  then, 
even  far  more  than  now.  Dr.  Blake  thinks  the  infusorial  earths  of 
California  are  Miocene.  In  the  hot-springs  of  Yellowstone  Park  de- 
posits of  this  kind  are  now  forming  over  many  square  miles  and  are 
five  or  six  feet  thick  (page  168). 

Animals. 

As  already  stated,  among  Invertebrates  there  was  a  general  simi- 
larity to  the  present  fauna.    Nearly  all  the  genera  and  many  of  the 

species  were  identi- 
cal with  those  still 
living.  The  relation 
between  the  various 
orders  which  pre- 
vail noiv  commenced 
then.  The  present 
basis  of  adjustment 
was  the7i  established. 
Then,  as  now,  Brachiopods  and  Crinoids  were  nearly  all  gone,  Echino- 
derms  were  nearly  all  free,  and  Bivalves  were  nearly  all  Lamellibranchs. 
Then,  as  now,  naked  Cephalopods  and  short-tailed  Crustaceans  greatly 


Fio.  869.— Nummulina  l£cvln;ata. 


*  American  Journal  of  Science,  Part  III,  vol.  iv,  p.  148. 
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predominated,  A  glance  at  the  following  figures  of  Tertiary  shells  (Figs. 
870-883)  will  show  the  general  resemblance  to  those  of  the  present  seas. 

In  regard  to  the  Invertebrates,  there  are  only  three  or  four  points 
of  sufficient  importance  to  arrest  our  attention  in  a  rapid  survey. 


Fig.  875.  Fig.  876.  Fig.  877. 

Fto".  870-877.— Eocene  TEnTiAnr  aiTEi.i.s  :  870.  Ostroa  sellififormiB  (after  Meek).  871  OBtrea 
Georgiana  (after  MeekV  872.  Pecten  nnpernm  (after  WailesV  873.  Anoinalocardia  Mis^is- 
sippiensis  (after  Conrad).  874.  Umbrella  planiilata  (after  Wailes).  875.  Tiirritella  alveatn 
Vv ^'ii'es)-   876.  Volutalithes  dumosa  (after  Wailes).   877.  Volutalithes  symmetrica  (after 


Among  EMzopods,  Nummnlites  (a  foraminifer,  Fig.  869)  abounded 
to  an  extraordinary  degree.    Eocene  strata,  many  thousand  feet  thick, 
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are  formed  of  these  shells.  The  Numinulitic  limestone  of  the  Alps 
extends  eastward  to  the  Carpathians,  westward  to  tlic  Pyrenees,  and 
southward  into  Africa.  It  was  largely  quarried  to  build  the  Pyramids 
of  Egypt.  It  occurs  also  extensively  in  Asia  Minor  and  in  the  Hima- 
layas. 


Fia.  87&. 


Fig.  879. 


Fig.  881. 


i'Hi.  feSU. 


Fio.  882. 


Fig.  883. 


Fig.  884. 


tuata.   883.  Ficus  pyriformis.   884.  Echmarnchmus  Brcncnanus. 
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This  limestone  occurs  in  the  Alps  10,000  feet,  in  the  Pyrenees 
11,000  feet,  and  in  the  Himalayas  16,000  and  even  19,000  feet  above 
the  sea-level.  We  see,  then,  the  immense  changes  which  have  occurred 
by  mountain-making  since  the  Eocene. 

Among  bivalve  shells,  common  forms  of  the  present  day,  such  as 
the  oyster,  the  clam  (  Venus),  the  scallop-shell  {Pecten),  etc.,  were  very 
numerous,  and  some  of  very  large  size.  Oysters  especially  seemed  to 
liave  reached  their  maximum  development  in  the  Tertiary.  The 
Ostrea  Georgiana  (Fig.  871)  was  ten  inches  long  and  four  wide;  the 
Ostrea  Caroliniensis  was  of  equal  size,  but  shorter  and  broader.  A 
specimen  of  the  Ostrea  titan  of  California  and  Oregon  now  lies  before 
us,  which  by  measurement  is  thirteen  inches  long,  eight  wide,  and  six 
thick  (Fig.  878),  and  a  specimen  of  Pecten  cerroceiisis  of  California, 
a  Pliocene  species,  nine  inches  across.  Among  univalves  also  nearly 
all  the  forms  are  familiar.  The  illustrations  are  taken  from  the 
Eocene  and  Miocene.  The  Pliocene  shells  are  almost  undistinguish- 
able  from  living  shells,  except  by  the  practiced  eye.  It  seems  useless 
to  give  them  in  an  elementary  work. 

Insects. — There  are  several  interesting  points  connected  with  this 
class  which  must  not  be  omitted.  We  have  usually  found  insects 
abundant  in  connection  with  luxuriant  vegetation.  During  the  Mio- 
cene, phenogamous  vegetation  was  even  more  abundant  than  now ; 
there  was  also  extreme  fullness  of  insect-life.    All  orders,  even  the 


Pio.  885. — Insects  op  European  Miocbne  (after  Heer):  a,  Apis  Adnmit.ica;  b.  Ponera  veneraria 
male,  b'  female;  c,  Vespa  atavina:  d,  d.  Ammophila  inferna;  «,  Imlioflia  j)alli(la;  /',  f',f",  For- 
mica lignitiim — female,  male,  and  worker;  q,  Myrmica  tertiaria;  h,  Ichneumon "imernaiis;  i 
Xylocopa  senilis;  k,  Bombus  Jurinei;  I,  Scalea  saussureana.  ' 

highest,  viz.,  Lepidoptera  (butterflies — Fig.  889)  and  Hymenoptera 
(bees,  ants,  etc. — Fig.  885),  were  represented. 
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In  the  Miocene  of  Europe,  1,550  species  of  insects  have  been  found  ; 
and  of  these  more  than  900-species  at  Qllningen  in  a  stratum  only  a  few 
feet  thick  (Lyell).  In  places  the  stratum  is  black  with  the  remains  of 
insects.  The  same  stratum  is  also  full  of  leaves  of  Dicotyls,  of  which 
Heer  has  described  500  species.  Mammalian  remains  and  fishes  are 
also  found  in  them. 

It  is  interesting  to  inquire  into  the  conditions  under  which  these 
strata  were  formed  and  filled  with  these  remains.  On  Lake  Superior, 
at  Eagle  Harbor,  in  the  summer  of  1844,  we  saw  the  white  sands  of 
the  beach  blackened  with  the  bodies  of  insects  of  many  species,  but 
mostly  beetles  cast  ashore.  As  many  species  were  here  collected  in  a 
few  days,  by  Dr.  J.  L.  Le  Coute,  as  could  have  been  collected  in  as 
many  months  in  any  other  place.  The  insects  seem  to  have  flown  over 
the  surface  of  the  lake ;  to  have  been  beaten  down  by  winds  and 
drowned,  and  then  slowly  carried  shoreward  and  accumulated  in  this 
harbor,  and  finally  cast  ashore  by  winds  and  waves.  A  small  river 
emptying  into  the  harbor  carried  also  many  beetles  and  ants.  Doubt- 
less, at  CEningen,  in  Miocene  times,  there  was  an  extensive  lake  sur- 
rounded by  dense  forests,  through  which  ran  a  small  river  emptying  into 
the  lake ;  and  the  insects  drowned  in  its  waters,  and  the  leaves  strewed 
by  winds  on  its  surface,  were  cast  ashore  by  its  waves.  Heer  believes 
also  that  carbonic-acid  emissions  helped  to  destroy,  and  deposits  of 
carbonate  of  lime  to  preserve,  the  insects.  Over  five  hundred  of  the 
CEningen  insects  were  beetles. 

Among  the  insects  found  at  CEningen,  Switzerland,  and  Radoboj, 
Croatia,  are  a  great  many  ants  (Fig.  885).  In  all  Europe  there  are 
now  about  fifty  species  of  ants.  Heer  found  in  the  Miocene  of  CEnin- 
gen and  Radoboj  more  than  100  species*  And,  what  is  very  remark- 
able, nearly  all  are  winged  ants.  Ants  of  the  present  day  are  male, 
female,  and  neuter.  The  males  are  winged  throughout  life,  and  never 
live  in  the  nests,  but  soon  perish.  The  females  are  also  winged  until 
they  are  fertilized  ;  then  they  drop  their  wings  and  live  in  communi- 
ties in  a  wingless  condition  ever  afterward.  The  neuters  are  always 
wingless,  and  therefore  always  live  in  nests  or  in  communities.  It  is 
probable  that  ants  at  first  were  only  winged  males  and  females,  living 
in  the  open  air  like  other  insects.  The  wingless  condition  and  the 
neutral  condition  are  both  connected  with  their  peculiar  social  habits 
and  instincts,  and  have  been  gradually  developed  along  with  the  devel- 
opment of  their  habits  and  instincts.  It  is  probable  that  all  these  re- 
markable peculiarities,  viz.,  the  wingless  condition,  the  neutral  condition, 
the  wonderful  instincts,  and  organized  social  habits,  have  been  devel- 
oped together  since  the  introdiiction  of  this  order  in  Early  Tertiary. 


*  Pouchct,  Popular  Science  Monthly,  June,  IS'TS. 
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In  the  fresh-water  Miocene  of  Auvergne,  France,  there  is  a  remark- 
able stratum  called  indusial  limestone,  because  it  is  largely  composed 
of  the  cast-ofE  hollow  cases  (iudusia)  of  the  caddis-worm  or  larva  of 
the  caddis-fly  {Phryganea),  cemented  together  by  carbonate  of  lime. 
The  number  of  these  cases  is  countless.  Tlie  caddis-worra  of  the 
present  day  forms  for  itself  a  hollow  cylindrical  case,  of  bits  of  stick 
or  pieces  of  shell,  or  sometimes  of  whole  small  shells,  binding  these 
together  by  means  of  a  kind  of  web.  In  this  hollow  cylinder  it  lives, 
only  putting  out  the  head  and  two  or  three  first  joints  of  the  body,  to 
which  the  feet  are  attached,  in  walking.  When  they  complete  their 
metamorphoses,  they  leave  their  cases.  Fig.  888  is  a  recent  caddis- 
worm  with  its  case  of  small  shells  stuck  together ;  Fig.  887  are  indusia 
of  the  Miocene  cad- 
dis-worm ;  and  Fig. 
886  is  the  limestone 
in  place,  a  being 
the  indusial  layer. 

In  Auvergne, 
in  Miocene  times, 
there  existed  a 
shallow  lake,  in 
which  carbonate  of 
lime  was  deposit- 
ing, as  in  many 
lakes  of  the  present 
day.  In  this  lake 
lived  myriads  of 
caddis-worms,  and 
their  indusia  ac- 
cumulated for 
countless  genera- 
tions. 

In  the  Tertiary 
strata,  about  the 
shores  of  the  Baltic, 
and  also  in  Sicily, 
in  Asia  Minor,  and 
several  other  local- 
ities usually  asso- 
ciated with  lignite, 
are  found  masses  of  amber.  This  substance  is  a  fossil  resin  of 
several  species  of  Conifer,  especially  Pinites  succinifer.  It  is  often 
quite  transparent,  and  inclosed  within  may  be  seen  perfectly  pre- 
served insects  of  many  kinds.     Over  800  species  of  insects  and 


Via.  887. 


Fig.  888. 


Figs.  8R6-888.— 886.  Indusial  Limestone  interstratifiod  with  Fresh- 
Water  Marls.  887.  A  Portion  (natural  size)  showing  the  Phry- 
ganea  Cases.   888.  Recent  Larva  of  a  Phryganea,  with  its  Case. 
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fragments  of  many  species  of  plants  have  been  found  thus  inclosed. 
The  degree  of  preservation  is  marvelous ;  even  the  most  delicate  parts, 

the  slender  legs,  the 
jointed  antennae,  and 
the  gauzy  wings  are 
perfect.  The  man- 
ner in  which  these 
insects  were  entan- 
gled, inclosed,  and 
preserved,  may  be 
easily  observed  even 
at  the  present  day. 
The  gum  issuing 
from  Conifers  is  at 
first  in  the  form  of 
semi-liquid,  transpar- 
ent tears.  Flies, 
gnats,  etc.,  alighting 

on  these,  stick  fast,  and  by  the  running  down  of  further  exudations  are 
enveloped  and  preserved  forever.  The  legs,  both  in  the  modern  and 
the  fossil  resin,  are  often  found  broken  by 
the  struggles  of  the  insects  to  extricate 
themselves.  The  insects  of  the  Tertiary, 
like  the  plants,  show  a  decided  tropical 
character. 

But  probably  the  richest  beds  in  insects 
yet  found  are  at  Florissant,  Colorado. 
Here  fresh- water  shales  of  Green  River  age 
are  black  with  remains  of  insects  of  all  or- 
ders now  existing.  According  to  Scudder,* 
about  1,000  species  are  recognizable,  besides 
many  plants,  several  fishes,  and  a  bird  with  feathers  preserved.  Of 


Fis.  889. — Prodryas  Perseplione  (after  Scudder). 


Fig.  890. — Sackenia  arcuata,  from 
Tertiary  of  Utah  (after  Scudder). 


Fia.  891.— Apion  refrcnatnm,  x  12  (after 
Scudder). 


Pro.  892.— Balaninns  minnsculus,  x  8  (after  ScndderV 


*  Bulletin  of  the  United  States  Geological  Survey,  vol.  vi,  No  2. 
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30,000  specimens  of  insects  in  all  museums,  about  one  half  are  from 
this  locality.  Here,  also,  as  in  Europe,  Hymenopters  and  Coleoj)ters 
are  most  abundant,  and  all  the  species  indicate  trojjical  climate.  Of 
one  family  alone,  the  Rhyncophora  or  Weevils  (Figs.  891  and  892),  116 
species  were  found,  and  all  entirely  peculiar  (Scudder). 
Among  the  insects  found  here  are  seven  species  of  but- 
terflies (only  nine  species  are  known  from  all  the  rest  of 
the  world).  A  beautifully  preserved  specimen  is  shown 
in  Fig.  8«9.  At  Florissant,  in  Eocene  times,  there  was  a 
lake,  and  insects  were  cast  ashore  and  accumulated  in  the 


Fig.  893. 


Fig.  895. 


Fio.  896. 


Fio.  897. 

Fios.  893-897.— Tbrtiakt  Fishes— 5!ffl«»noftranr;As.'  893.  Lnmna  elesnns  (nftor  Aenssiz^  894  No- 
tidanus  pnmigenms  (after  ARnssis!).  895.  Carchnrodon  aiignstidcns  (after  Gihbes)  89G  '  Car- 
charodon  megalodon,  x  i  (after  Gibbes).    Teleost :  897.  Clupea  ulta  (after  Leidy). 

manner  already  described.  Other  Tertiary  lake-deposits  in  the  West 
are  also  rich  in  insects  (Fig.  890). 
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Fishes. — The  present  relation  between  the  three  great  orders  of 
Fishes — Teleosts,  Ganoids,  and  Phicoids — was  first  fairly  established  in 
the  Tertiary.  Teleosts  were  first  introduced  in  the  Cretaceous,  but 
only  in  the  Tertiary  did  they  become  very  abundant.  Ganoids,  on  the 
contrary,  became  fewer  in  number ;  they  sank  into  their  present  sub- 
ordinate position.  Among  Elasmobranchs,  the  Uybodonts  are  gone, 
the  Cestracionts  are  few  in  number,  but  the  Squalodonts  reach  their 
maximum  development,  both  in  number  and  size.  In  the  marine  Ter- 
tiary of  the  Atlantic  border,  both  Eocene  and  Miocene,  sharks'  teeth 
are  found  in  immense  numbers,  and  of  very  great  size.  Some  of  the 
triangular  teeth  of  the  Carcliarodon  megalodon  (Fig.  896)  are  found 
six  and  a  half  inches  long  and  six  inches  broad  at  the  base.  The 


Fig.  899.- 

Pios  898  899— Tertiary  Fishes- 7Weo«<s.-  898.  Rhombus  minimus,  Lower  Eocene.  899.  Lebias 
'      ■  ceplialotes,  Miocene. 

owners  of  such  teeth  must  have  been  fifty  to  seventy  feet  long.  Some 
of  the  more  common  forms  of  sharks'  teeth  of  the  American  Tertiary, 
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and  Teleosts  from  American  and  European  Tertiary,  are  given  in  the 
preceding  figures. 

Amphibians. — As  already  said,  p.  434,  the  class  of  Amphibians  in 
the  form  of  Labyriuthodonts  culminated  in  the  Trias  and  became 
extinct  at  its  end.  During  the  Jura  and  Cretaceous  we  have  said 
nothing  about  Amphibians,  although  they  probably  existed  in  small 
numbers  and  in  more  modern  forms.  In  the  Tertiary  we  again  find 
them  somewhat  abundant,  and  now  not  only  the  tailed,  as  before,  but 
also  for  the  first  time  the  highest  and  most  specialized  forms,  the  tail- 
less or  frogs.  In  the  Miocene  of  Europe  at  Qilningen,  a  Salamandroid 
Amphibian  was  found  and  described  in  1728  by  Scheuchzer,  a  physician 
and  naturalist,  professor  in  the  University  of  Altorf.  He  gave  it  the 
title  "  Homo  Diluvii  Testis"  believing  it  to  be  the  skeleton  of  a  human 
being  destroyed  by  the  deluge.  The  length  was 
about  four  feet.  It  was  reserved  for  Cuvier  to  show 
that  the  fossil  was  not  human,  though  the  name 
Andrias  IScheuchzeri  (Fig.  900)  had  become  per- 
manently attached  to  it  through  Scheuchzer's 
mistake.  A  living  species  of  the  same  genus  is 
now  found  in  Japan,  and  is  of  gigantic  size. 
A  representation  of  it  is  given  in 
for  comparison  with  its  fossil  precursor 

Reptiles. — The  age  of 
Reptiles  is  past.  The  huge 
Enaliosaurs,  Dinosaurs, 
Mosasaurs,  and  Pterosaurs, 
are  all  extinct.  Their 
class  is  now  represented  by 
Crocodiles,  Lizards,  Tur- 
tles, and  Snakes,  though 
their  place  as  rulers  is  sup- 
plied by  Mammals  and 
Birds.  Five  species  of 
Snakes,  some  of  them  eight 
feet  long,  and  nine  Croco- 
dilians,  have  been  found 
in  the  Eocene  of  Wyo- 
ming, and  several  also  in 
Europe.  The  Miocene  of 
the  Himalayas  furnishes  a 
gigantic  turtle  {Colossoche- 
lys  Atlas),  the  carapace  of  which  was  twelve  feet  long  and  eight  feet  wide, 
and  seven  feet  high  in  the  roof,  and  the  whole  animal  was  probably 
twenty  feet  long.    Over  sixty  species  of  Tertiary  turtles,  and  eio-hteen 


FiQ.  901. 


Figs.  900,  901.— 900.  Andrias  Scheuchzeri,  Miocene  of  Switz- 
erland, X  (after  Heer).  901.  Andrias  Japonica,  a  living 
Salamander  from  Japan,  x  ^  (after  Heer). 
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or  twenty  species  of  crocodiles,  have  been  described  from  foreign 
countries  (Dana). 

The  Crocodilians,  the  highest  living  order  of  reptiles,  first  appeared 
in  the  Triassic,  but  only  ia  generalized  tovm^—Stcujonoleins,  Belodon, 
etc. — which  closely  connected  them  witli  the  Lizards.  From  this 
early  form  Huxley  has  traced  with  consummate  skill  the  gradual 
differentiation  of  this  order,  in  the  position  of  the  posterior  nares,  the 
structure  of  the  head  and  the  form  of  the  vertebral  bodies,  step  by 
step  through  the  Jurassic,  Cretaceous,  to  the  Tertiary,  where  the  type 
reached  its  perfection. 

Birds. — The  class  of  Birds  in  tlie  Cretaceous  was  represented  only 
by  tlie  reptilian  birds  and  ordinary  water-hivds.   Now,  in  the  Tertiary, 

however,  the  reptilian  birds — vertebrated- 
tailed  and  socket-toothed — have  disap- 
peared. The  bird-class  is  fairly  differen- 
tiated from  the  reptilian  class,  and  the 
connecting  links  destroyed.  Birds  of  all 
kinds  now  appear — land-birds  as  well  as 
water-birds.  In  America,  among  land- 
birds,  woodpeckers,  owls,  eagles,  etc.,  have 
been  discovered  and  described  by  Marsh. 
The  number  of  species  found  in  Europe 
is  much  greater  than  in  America.  The 
Miocene  beds  of  Central  France  alone 
have,  according  to  Milne-Edwards,  af- 
forded seventy  species.  The  Miocene 
birds,  like  the  plants  and  insects,  show 
a  decided  tropical  character.  "  Parrots 
and  Trogons  inhabited  the  woods;  Swal- 
lows built,  in  the  fissures  of  the  rocks, 
nests  in  all  probability  like  those  now 
found  in  certain  parts  of  Asia  and  the 
Indian  Archipelago ;  a  Secretary-bird, 
nearly  allied  to  that  of  the  Cape  of  Good 
Hope,  sought  in  the  plains  the  serpents 
and  reptiles  which  at  that  time,  as  now,  must  have  furnished  its 
nourishment.  Large  Adjutants,  Cranes,  Flamingoes,  Pala3olodi  (birds 
of  curious  forms  intermediate  between  Flamingoes  and  ordinary 
Grallse),  and  Ibises,  frequented  the  margins  of  the  water  where  insect- 
larvae  and  mollusks  abounded.  Pelicans  floated  on  the  lakes;  and, 
lastly.  Sand-grouse  and  numerous  Gallinaceous  birds  assisted  in  giving 
to  this  ornithological  population  a  strange  physiognomy  which  recalls  to 
mind  the  descriptions  given  by  Livingstone  of  certain  lakes  in  South- 
ern Africa." 


Fig 


902. — Restoration  of  Gastornis 
Edwardsii  (after  Meunier). 
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But  although  the  class  of  birds  was  already  well  differentiated,  yet 
some  remnants  of  generalized  forms  still  remained.  A  toothed  bird 
has  been  found  in  the  London  clay  (Eocene),  and  named  by  Owen 
Odontopteryx  (Fig.  903).    But  this  is  not  a  true  socket-toothed  bird. 


ViQ.  903.— Skull  of  Odontopteryx  toliapicus,  restored  (after  Owen). 

The  so-called  teeth,  however,  are  only  dentations  of  the  bony  edge  of 
the  bill.  In  the  Eocene  of  the  Paris  basin  was  found  a  gigantic  bird 
[Gastornis)  ten  feet  in  height,  combining  the  characters  of  a  wader 
with  those  of  an  ostrich  (Fig.  903). 

In  1876  Cope  published  the  discovery  of  a  gigantic  bird  from  the 
lowest  Eocene  of  the  San  Juan  basin.  The  Diatryvia  gigantea,  ac- 
cording to  Cope,  combines  the  characters  of  the  Cursores  (ostrich 
family)  with  those  of  the  extinct  Gastornis  of  the  Paris  basin.  Judg- 
ing from  its  foot,  it  was  double  the  size  of  an  ostrich.  This  is  the  first 
example  of  extinct  Cursores  found  in  North  America  (Cope).  More 
recently,  however.  Marsh  has  found  a  gigantic  ostrichlike  bird  {Baror- 
nis  regens)  in  the  Eocene  of  New  Jersey  (American  Jour,  of  Sci.,  1894). 

Mammals — General  Remarks. — 1.  We  have  already  seen  that  the 
evolution  of  this  class  may  be  traced  back  to  the  borders  of  the  Palseo- 
zoic.  The  probable  steps  are  :  First,  the 
Hypotheria,  represented  by  the  Thero- 
morphs,  or  perhaps  a  hypothetical  gen- 
eralized type  connecting  these  with  the 
monotremes  of  the  Permian  ;  then  the 
Prototlieria,  represented  by  the  general- 
ized monotremes  of  the  Trias  ;  then  the 
Metatheria  of  Jurassic  and  Cretaceous ; 
and,  finally,  the  Exdlieria,  or  typical 
placentals  of  the  Tertiary.  2.  But 
nothing  is  more  noteworthy  than  the 
suddenness  of  the  appearance  of  this 
last  term  of  the  series.  We  find  only 
Mesozoic  types  even  to  the  borders  of  the  Tertiary  (Laramie),  and 
then  without  warning  there  appears  the  higher  type,  Eutheria,  of  the 
Tertiary.    This  might  be  explained  in  Europe,  where  there  is  un- 


C  re:  TA\\l'CEO  us 
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Pf^lMAL  EUTHHIVM 

Fig.  904. — Diagram  ehowing  Differentia- 
tion of  Main  Orders  of  Tertiary  Mam- 
mals. 


542 


CENOZOIC  ERA— AGE  OF  MAMMALS, 


conformity  at  this  horizon,  by  the  gap  in  the  record ;  but  here  in 
America  the  record  seems  almost  complete,  and  yet  at  the  same  horizon 
a  great  change  occurs.  It  is  impossible  to  explain  tliis  unless  we  admit 
times  of  rapid  evolution.  But  even  this  is  not  sufficient.  We  must 
suppose,  also,  that  these  new  types  appeared  here  in  America  by  migra- 
tion about  the  end  of  the  Cretaceous  from  some  other  country,  where 
we  hope  yet  to  find  the  intermediate  links.  3.  Their  appearance  was 
not  only  sudden  but  in  great  numbers  and  considerable  variety.  In 
the  very  lowest  beds  of  the  Lower  Tertiary  (Puerco  beds)  Cope  finds 
ninety-three  species,  and  already  all  the  main  divisions,  such  as  Car- 
nivores, Herbivores,  Insectivores,  and  Primates.  4.  But,  although 
these  main  divisions  are  distinguishable,  they  are  not  yet  widely  sepa- 
rated, as  we  now  know  them.  At  that  time  there  were  no  typical  Car- 
nivores, Herbivores,  etc. ;  on  the  contrary,  they  were  all  very  generalized 
types — i.  e.,  they  approached  each  other  very  closely,  as  shown  in  the 
diagram  (Fig.  904) — so  closely,  indeed,  that  if  they  lived  to-day  we 
would  probably  put  them  all,  or  nearly  all,  in  the  same  family  (Zittell). 
As  time  went  on,  not  only  were  they  separated  more  and  more  by 
adaptive  modification,  but  also  divided  into  subordinate  branches  (not 
shown  in  the  diagram).  In  order  to  indicate  the  fact  that  these  orders 
were  not  yet  distinctly  specialized,  it  has  been  proposed  to  call  them 
j';?'0-Carnivores,  joro-Herbivores,  ^ro-Simise,  etc. — i.e.,  jirogenitors  of 
tliese  now  widely  distinct  orders.  They  were  all  probably  Jive-toed 
Plantigrades,  with  tuberculated  molars  (Bunodont),  and  therefore 
Omnivores.  By  tracing  the  divergent  lines  of  the  diagram  downward, 
they  meet  in  the  Cretaceous  in  a  hypothetical  ancestor,  which  was 


Fig.  905.— Tapirus  Indicus. 


probably  an  Insectivore.  5.  In  the  course  of  the  Tertiary  the  mam- 
malian faunas  change  completely  many  times. 

The  Tertiary  mammals  are  of  so  great  interest,  from  the  evolution 
■  point  of  view,  that  we  must  dwell  upon  them  somewhat  in  detail.  But 
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it  seems  impossible  to  present  selections  from  tlie  immense  mass  of 
material  at  hand  in  an  interesting  manner,  except  by  taking  a  few  clas- 
sic localities  from  dilferent  epochs  and  different  countries,  and  briefly 
describing  what  has  been  found  in  each.  We  will  commence  with 
some  foreign  localities,  because  tliese  were  first  discovered  : 

1.  Eocene  Basin  of  Paris. — This  basin  has  been  made  celebrated  by 
tlio  labors  of  the  immortal  Cuvier.    Tlie  discovery  in  the  early  portion 


Fig.  906.— Palaotherium  magnnm,  x  ^  (after  Gaudry). 


of  the  present  century  of  the  rich  treasures  imbedded  in  the  strata  of 
this  basin,  and  the  consummate  skill  with  which  they  were  worked  up 
by  Cuvier,  gave  an  incredible  impulse  to  geology.  Fifty  species  of 
mammals,  of  which  forty  species  were  tapir-like ;  ten  species  of  birds, 
among  which  one,  the  Gastornis  (Fig.  902),  was  a  huge  wader  as  large 
as  an  ostrich ;  besides  reptiles,  fishes,  and  shells  in  abundance,  were 
discovered.  In  Eocene  times  the  Paris  basin  seems  to  have  been  an 
estuary  full  of  shells  and  fishes,  etc.,  into  which  the  bodies  of  birds  and 
mammals  were  drifted.  Among  the  many  remarkable  mammals  we 
will  select  two  as  types,  viz.,  the  PalcBothere  and  the  Anoplothere. 

The  Palasothere,  like  the  Rhinoceros  and  like  some  of  the  earlier 


Fio.  907. — Anoplotherium  commune,  restored. 
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representatives  of  the  horse  family,  had  three  hoofed  toes  on  all  the 
feet.  It  is  usually  supposed  to  have  had  also  the  general  form  and  the 
short  flexible  snout  of  a  tapir  (Fig.  905),*  and  it  is  with  this  family 
that  Cuvier  supposed  it  has  its  nearest  alliance,  and  his  restoration  was 
based  on  this  view.  But  the  discovery  of  more  complete  skeletons 
shows  that  the  neck  and  limbs  were  much  longer  than  had  been  sup- 
posed. In  general  form  (Fig.  906)  it  seems  to  have  been  as  much  like 
the  horse  family  as  the  tapirs. 

The  Anoplothere  (Fig.  907)  was  a  slender  and  graceful  animal  with- 
out snout,  and  possessing  only  two  toes,  like  ruminants.  Most  of  its 
characters,  however,  allied  it  to  the  tapirs.  Among  these  characters 
was  the  possession  of  a  third  rudimental  or  non-functional  toe  (Cope) 
and  a  full  set  of  front  teeth.  It  was,  therefore,  a  remarkable  connect- 
ing link  between  the  tapirs  and  ruminants. 

2.  Siwalik  Hills,  India — Miocene. — Near  the  base  of  the  Himalayas 
occurs  a  range  of  hills  which  are  composed  of  fresh-water  uppermost 
Miocene  strata.  They  are  extremely  rich  in  vertebrate  and  especially  in 
mammalian  remains,  which  have  been  thoroughly  studied  by  Falconer. 
One  hundred  and  fifty  species  of  mammals  are  described  from  this  lo- 
cality.   They  are  of  great  variety  of  forms,  both  Carnivora  and  Herbi- 

vora,  but  the  latter  are  most  abundant. 
Among  these,  perhaps  the  two  most  remark- 
able are  Dinotherium  f  and  Sivatherium. 

The  Dinothere  has  been  found  also  in 
the  European  Miocene.  It  was  a  huge 
animal,  probably  the  largest  of  all  land 
mammals  (Gaudry),  with  a  skull  three  feet 
long,  to  which  was  attached  a  proboscis. 
The  lower  jaw  was  bent  downward,  and 
carried  two  long,  tusk-like  teeth,  projecting 
also  downward.  The  whole  height  of  the 
l^G.  908.-Head  of  Dinotherium  gi-   head,  from  the  points  of  these  lower  teeth 

ganteum,  greatly  reduced.  ^.j^^  Crauium,  WaS  five  feet. 

Recently  a  perfect  pelvis  has  been  found,  showing  the  great  mas- 
siveness  of  these  bones,  and  showing  also,  in  these  huge  animals,  the 
existence,  possibly,  of  marsupial  bones-X  This  strange  animal  com- 
bined, in  the  structure  of  its  head,  the  characters  of  Elephant,  Hippo- 
potamus, Tapir,  and  Dugong;  but  it  also  had  affinities  with  marsu- 
pials.   It  was  the  earliest  and  probably  the  largest  of  Proboscidians. 


*  The  tapir  haa  three,  toes  on  the  hind-foot  and  four  on  the  fore-foot,  but  the  outer 
one  is  small  and  not  functional. 

t  The  Dinothere  is  found  in  the  Miocene  of  India,  though  not  at  Siwalik. 
X  American  Journal  of  Science,  Series  II,  vol.  xxxviii,  p.  427. 
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The  Sivaihere  was  a  foiir-horned  antelope,  of  elepliantine  size  and 
some  elephantine  characters.    The  four-horned  antelope  of  the  present 


Pig.  909. — Head  of  a  Sivatheriiim  giganteiim,  greatly  reduced. 


day  lives  in  the  same  locality,  but  is  a  comparatively  small  animal,  with 
two  short  conical  horns  from  the  front  part  of  the  frontal  bone,  and  two 
somewhat  lons^er  ones  in  the  usual  place  on  the  back  part  of  the  same 
bone.  The  Sivathere,  on  the  other  hand,  was  of  elephantine  height, 
though  of  slenderer  form,  with  two  short  conical  horns  in  front,  and  two 
large,  palmately  branching  ones  behind.  The  form  of  the  nose-bones 
suggests  the  existence  of  a  snout.  The  feet  and  legs  were  clearly  those 
of  a  ruminant.    It  seems  to  have  combined  the  characters  of  a  Rumi- 


Fio.  910.— Blephas  Ganeea,  x  A  (after  Falconer). 


nant  and  a  Pachyderm.  The  Bramathere  was  a  similar  animal,  of 
equally  gigantic  size,  found  in  strata  of  the  same  age. 

In  the  same  locality  were  found  also  three  species  of  Mastodons, 
S3 


i 
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seven  species  of  Elcpliants,  one  of  them  B.  ganesa  (Fig.  910),  remark- 
able for  the  prodigious  length  and  size  of  its  tusks;  three  species  of  tiie 


Pig.  911.— Skeleton  of  Ilipparion  gracile,  restored  (after  Gaudry). 

Horse  family;  five  species  of  Rhinoceros;  four  to  seven  species  of  Hip- 
popotamus, and  three  species  of  hog ;  also,  Anoplotheres,  Camels,  Ca- 


Fio.  912.— Mesopithecns  Pcntelicl,  restored  x  i  (after  Gaudry). 


melopards,  Oxen,  Sheep,  Antelope,  Musk-ox,  Monkeys,  etc. ;  also,  many 
Jieptiles,  amoug  which  were  narrow-nosed  Crocodiles,  like  the  Gavials 
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now  living  in  the  Ganges,  and  the  huge  Turtle,  Colossochelys,  already 
mentioned  (p.  539). 

The  most  characteristic  representative  of  the  Horse  family  in  the 
Old  World  Miocene  was  a  three-toed  animal  called  Hipparion.  A 
restoration  of  this  graceful  creature  is  given  in  Fig.  911. 

In  the  Miocene  and  Pliocene  of  Europe  are  first  found  remains  of  that 
most  desirucLive  of  carnivores,  the  saber-toothed  tiger — Alachairodus 


Fig.  'iVi. — .1,  Sktill  of  Macliairotlns  cnltritleris.  witlinnt  tlic  lover  .inw.  rcdiicerl  in  size;  B,  Canine 
Tooth  of  the  same,  one  half  the  iiatuiul  size.    Pliocene,  France. 

(Fig.  !)13).  In  the  Miocene  of  Europe,  also,  the  first  true  Monkeys 
(Fig.  912)  were  introduced  (Flower).  Before  this,  there  were  only 
lemurs  or  Prosimise. 

Perhaps  it  is  well  to  call  attention  to  the  fact  that,  Avhile  the 
tapir-like  Pachyderms  predominate  in  the  Eocene,  the  huge  forms, 
e.  g..  Rhinoceros  and  Hippopotamus  family,  and  Proboscidians,  were 
first  introduced  and  immediately  became  abundant  in  the  Miocene. 

3.  Upper  Eocene  of  Patagonia. — The  richness  of  the  Tertiary  and 
Quaternary  of  the  southern  part  of  South  America  almost  exceeds  be- 
lief. Ameghino  has  collected  50,000  specimens,  among  which  he  finds 
750  species.  The  most  wonderful  of  the  different  horizons  there  discov- 
ered is  the  Pyrotherkm.  beds,  which  is  probably  Upper  Eocene.  In  these 
beds  have  been  found  220  species  of  mammals,  besides  many  strange  birds, 
and  all  entirely  peculiar  to  this  region.  In  the  Pyrotlierinm — an  animal 
of  huge  dimensions — Ameghino  thinks  he  finds  the  long-sought  ances- 
tor of  the  Proboscidians,  although  it  has  affinities  also  with  many  other 
families,  even  with  the  gigantic  Kangaroo,  Diprof.odon,  of  the  Aur- 
tralian  Quaternary  (p.  612).    Still  more  wonderful  arc  the  gigantic 
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flightless  birds  found  in  the  same  beds.  One  of  these — Phororachns 
longissimiis — was  ten  feet  high,  and  far  moi-e  massive  tlian  the  Dinor- 
nis  and  Epiornis  of  the  Quaternary  of  New  Zealand  and  Madagascar 
(p.  G31).  And  still  more  strange,  instead  of  the  small  head  of  Dinor- 
nidas,  it  carried  an  enormous  head,  twenty-six  inches  long  and  more 
massive  than  that  of  any  living  mammal  except  the  Elephant,  the 
Khinoceros,  and  Hippopotamus.  It  is  probable  that  these  wonderful 
discoveries  will  hil  many  gaps  in  the  history  of  the  development  of 
mammals.  The  great  distinctness  of  this  early  fauna  plainly  points 
to  South  America  as  a  distinct  center  of  origin  of  many  mammalian 
forms. 

North  American  Localities  — 4.  Marine  Eocene  of  Alabama. — Wq 

select  this  as  an  example  of  American  marine  Eocene.  At  Claiborne^ 
Alabama,  according  to  Lyell,  there  occur  no  less  than  400  species  of 
shells,  besides  many  Ecliinoderms,  and  abundance  of  sharks''  teeth. 
Bat  the  most  I'emarkable  remains  found  there  are  those  of  an  extinct 
whale — Zeuglodon  cetoides — so  called  from  the  yoke- 
like form  of  the  double-fanged  molar  teeth,  which 
were  six  inches  in  length  (Fig.  914).  The  skull  was 
long  and  pointed  (Fig.  915),  and  set  with  the  dou- 
ble-fanged teeth  behind  and  conical  ones  in  front. 
The  vertebrae,  Avhich  are  in  such  abundance  that 
they  are  used  for  making  fences  and  even  burned  by 
farmers  to  rid  the  fields  of  them,  are,  some  of  them, 
eio'hteen  inches  long  and  twelve  inches  in  diameter 
(Dana),  and  the  vertebral  column  has  been  found  in 
place  nearly  seventy  feet  long  (Lyell).  The  animal 
must  have  been  more  than  seventy  feet  long,  and  the 
remains  of  at  least  forty  individuals  have  been  found 
(Lyell).  They  have  been  found  in  southern  Georgia 
as  well  as  in  Alabama,  and  probably  their  range  was  quite  extensive. 

This  animal  is  ])eculiarly  interesting  as  the  first  appearance  of  the 
verv  distinct  order  Cetacea.    No  intermediate  links  have  yet  been 


Fig.  914.— Tooth  of 
Zciiglnrton  cetoides, 
X  I  uifter  Gandry). 


Fu).  015.— Ueiid  of  Zeiij;l()doii  cetoides,  x      (iifler  Ciiuidry). 

found  connecting  Ihis  with  other  orders  of  mammals,  or  with  the 
great  reptiles.  And  yet,  from  their  large  size  and  marine  habits,  they 
are  more  likely  than  land  mammals  to  have  been  found,  if  they  existed- 
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in  enrlicr  or  Cretacoons  times.  The  origin  of  wlialcs  is  not  known, 
altliough  tliey  probably  came  from  UduI  vuunmah  by  reiroyrade  chanyes 
adapted  for  aquatic  life. 

Lake  Basins  of  the  Interior.— The  Atlantic  and  Gulf  border  strata 
arc  of  course  all  marine,  and  therefore  contain  very  few  land-animals, 
li  is  to  the  f  resh-water  basins  of  the  interior  that  we  must  look  for  a 


Fig.  916. — Vertebra  and  Tooth  of  Zeuglodou  cetoides,  reduced. 


full  record  of  the  mammalian  fauna  of  America  in  Tertiary  times. 
These  basins  furnish  the  fullest  and  most  continuous  record  of  the 
whole  Tertiary  which  has  ever  yet  been  found.  The  Early  Tertiary 
fauna  of  America  was  wholly  different  in  species  and  in  genera,  and 
even  largely  in  families,  fi'ora  that  of  Europe.  This  shows  that  the 
two  continents  were  then  as  now  widely  separated,  or  at  least  with 
communication  difficult.  It  will  be  best  to  take  them  in  the  order  of 
their  age,  as  we  can  thus  best  show  the  evidences,  if  any,  of  derivation 
of  the  later  from  the  earlier  faunn3. 

5.  San  Juan  Basin — Puerco  Beds— Lowest  Eocene. — In  these,  the  very 
lowest  part  of  the  Lower  Eocene — so  low  that  they  are  regarded  by 
some  even  as  partly  Laramie — Cope  has  found  a  great  number  of  most 
extraordinary  mammals,  more  generalized  than  any  before  known. 
These  earliest  true  mammals  seem  to  have  been  very  abundant,  for,  out 
of  106  species  of  vei'tebrates  found,  93  were  mammals.  They  represent 
already  all  the  main  divisions  of  the  Mammalian  class.  Besides  marsu- 
pials continued  from  the  Mesozoic,  there  were  Carnivores,  Herbivores, 
Insectivores,  and  Lemurine  Primates;  but  in  forms  so  generalized  that 
they  scarcely  deserve  these  names,  and  may  well  be  called  iVo-Carni- 
vores,  P7'o-Herbivores,  etc.,  or  progenitors  of  these  now  widely-distinct 
orders.  The  remains  of  these  animals  are  not  so  perfect  as  those  on 
higher  horizons.  We  select  for  illustration  an  almost  perfect  hind-limb 
of  the  Periptychvs  of  Cope,  one  of  the  most  generalized  of  known  animals. 
It  is  seen  that  the  foot-structure  is  perfectly  generalized  and  the  tread 
completely  plantigrade.   It  is  an  admirable  example  of  the  primitive  foot. 
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6.  Green  River  Basin — Wahsatch  Beds— Lower  Eocene. — Imme- 
diately above  the  last,  but  still  in  the  Lower  Eocene,  is  found  another 
mammalian  fauna  equally  abundant  in  species  and  equally  remarkable. 


Fio.  918.— An  almost  perfect  Skeleton  of  n  Phenacodus  priinajvus  (after  Cope). 


but  almost  wholly  different.  From  this  fauna  we  select  two,  Pheun- 
codus  and  the  Coryphodon  (peak-tooth).  The  Phenacodus  (Fig.  918) 
is  certainly  one  of  the  most  generalized  mammals  known.    It  may  be 
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regarded  as  the  ancestor  of  the  Ungulates,  or  hoofed  animals,  but  with 
almost  equal  right  may  be  claimed  as  the  ancestor  of  other  orders.  It 
was  plantigrade,  five-toed,  each  toe  provided  with  a  fiat  nail,  which 
was  neither  claw  nor  hoof,  but  between  the  two.  It  had  bunodont 
molars,  a  full  complement  of  unmodified  teeth  without  diastema.  It 
was,  therefore,  probably  omnivorous  in  habit.  Cope  has  described  nine 
species  partly  from  this  horizon  and  partly  from  the  previous.  They 
were  about  the  size  of  a  sheep,  or  perhaps  a  little 
larger.  The  Goryplioclon  was  a  genus  of  large 
animals,  of  very  generalized  structure,  uniting  the 
characters  of  the  more  generalized  Ungulates, 
such  as  Tapirs,  with  those  of  the  more  generalized 
Carnivores,  such  as  Bears.  They  were  five-toed 
Ungulates  with  full  number  of  unmodified  foot- 
bones,  and  a  tread  somewhat  like  that  of  an  Ele- 
2Dhant.  Eight  or  ten  species  of  Coryphodoutid^B 
have  been  described,  varying  in  size  from  that  of 
a  Tapir  to  that  of  an  ox  or  larger  (Fig.  919). 

In  the  same  beds  are  found  the  remains  of 
what  is  believed  to  be  the  earliest  progenitors  of 
the  horse  family,  viz.,  the  Eoliippus  (dawn-horse). 
This  was  a  small  animal  about  the  size  of  the  fox, 
with  three  hoofed  toes  on  the  hind-feet,  and  four  functional  toes,  a  fiftli 
metacarpal,  and  a  corresponding  rudimentary  fifth  toe  on  the  fore-feet 
(Fig.  920).  _  _  > 

As  already  said,  generalized  Carnivores,  Insectivores,  and  lemurine 
monkeys,  Pro-Simice,  are  found  in  this  and  the  previous  horizon. 

7.  Green  River  Basin — Bridger  Beds— Middle  Eocene. — From  this 
wonderful  fresh-water  deposit  there  have  been  described  by  Marsh, 
Cope,  and  Leidy,  150  species  of  vertebrates,  of  which  tlie  larger  number 
are  mammals.    This  shows  a  marvelous  abundance  of  mammalian  life 


A  B 

Fig.  020.— Feet  of  Eohip- 
A.  Fore-foot ;  B, 
X  §  (after 


pns:  . 
Hind- 


-foot, 
Marsh). 
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in  this  early  Tertiary  time.  The  most  numerous  of  these  are  tapir-like 
animals,  such  as  Jlyrachijus,  Limnoliyns  {Pakeosyops — Fig.  923),  etc. ; 
hut  the  most  formidahle  are  the  JJinocerata,  an  order  established  by 
Marsh  and  including  the  genera  Dinoceras  (Marsli),  Uintatherium 
(Leidy),  and  Tinocoras  (Marsh),  or  Loxolophodon  (Cope).  The  re- 
mains of  thirty  species  and  more  than  one  hundred  and  fifty  distinct 
individuals  of  this  order  have  been  obtained  from  the  Middle  Eocene 
of  Wyoming  and  deposited  in  the  Museum  of  Yale  College,  where  they 
have  been  carefully  studied. 

The  type  genus  of  this  order  is  the  Dinoceras.  Almost  every  bone 
in  the  skeleton  of  this  animal  is  now  known.  Although  elephantine 
in  size,  there  is  no  evidence  in  the  skull  of  the  existence  of  a  proboscis; 
the  proportions  of  the  neck  and  fore-limbs,  furthermore,  show  that 


Fio.  921.-Dinocera8  minil>ilo,  x  J  (  iftcr  Mareh):  A,  Skull;  B,  Hind-foot,  x  J;  C,  Fore-foot,  x  J. 


its  presence  was  unnecessary.  Three  pairs  of  horns  are  indicated  by 
the  projecting  cores  (Fig.  921),  one  pair  of  which  stood  far  in  front 
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on  the  nasal  bones,  another  on  the  maxillary  bones  immediately  above 
the  canines,  and  a  third  and  mnch  larger  pair  fartlier  back  on  the 
parietal  bones.    This  last  pair  were  sheathed  with  a  thickened  integu- 


Fio.  922. — Restoration  of  Tinoceras  ingens,  x  j\,  (after  Marsh). 


ment,  which  may  have  developed  inro  true  horn,  as  in  the  Prong- 
horned  Antelope.  The  three  pairs  nf  elevations  are  present  in  both 
sexes,  but  proportionately  smaller  in  the  females.    In  addition  to  these 


Pio.  923.— Liinnnhyiis  (Piilicosyops)  (after  Leidy). 


formidable  weapons,  both  sexes  were  provided  with  canine  tusks,  thos6 
of  the  males  being  very  powerful,  in  some  cases  seven  or  eight  inches  in 
length. 
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The  largest,  most  specialized,  and  latest  of  the  Dinocerata  was  the 
huge  monster  Tinoceras.  The  head  of  this  animal  was  four  feet  in 
length,  and  the  horn-cores  much  longer  than  in  Dinoceras.  Fig.  9:32 
is  a  restoration  by  Marsh  of  this  magnificent  animal. 

The  animals  of  this  entire  order  seem  to  have  been  quite  abundant 
for  a  short  time  during  the  latter  part  of  the  Middle  Eocene,  They 
then  became  extinct,  leaving  apparently  no  successors,  though  possi- 
bly the  Elephant  tribe  of  to-day  may  be  their  greatly  modified  de- 
scendants. Their  feet  were  provided  each  with  five  toes  (Fig.  921), 
and  the  brain  was  proportionally  smaller  than  in  any  other  land 
mammal. 

Another  extraordinary  group  of  animals  discovered  by  Marsh  in  the 
Eocene  beds  has  been  placed  by  him  in  a  new  order  called  I'illodontia 
(Fig.  924).  These  animals  combine  the  head  and  claws  of  a  bear  with 
the  incisors  of  a  Rodent  and  the  general  characters  of  Ungulates. 
The  order  must  be  regarded,  therefore,  as  a  remarkable  generalized 
type. 


Fig.  924.— Eocene  Mammal:  Skull  of  Tillotherium  (after  Marsh). 

We  have  seen  the  earliest  in  the  line  of  descent  of  the  horse  family 

 EoUppus—m  the  Lower  Eocene  Wahsatch  beds.    In  the  Middle 

Eocene  Bridger  beds  we  find  the  next  in  the  series— the  Orohippns 
(mountain-horse).  This  was  of  similar  size;  but  already  the  fifth 
metacarp  and  rudimentary  toe  are  gone,  and  there  were  now  three 
hoofed  toes  on  the  hind-feet  and  four  functional  toes  on  the  fore- 
feet. 

Although  the  Herbivores  predominated,  there  were  many  mammals 
belonging  to  other  orders.    For  example,  there  were  species  allied  to 
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the  Cat,  Wolf,  and  Fox ;  also  Bats,  Squirrels,  Moles,  and  Marsupials ; 
also  many  Monkeys  allied  to  the  Lemurs,  Marmosets,  etc.,  but  more 
generalized  than  any  living  Lemur.    In  Fig.  925  we  give  a  restoration 


Fiu  925.— Patriofelis  fcrox,  x  j'g  (after  Wortiiinn). 


by  Wortman  of  an  Eocene  carnivore — Patriofelis — of  very  generalized 
structure  and  plantigrade  feet.  It  may  be  regarded  as  the  generalized 
ancestor  of  the  Cats. 

8.  Mauvaises  Terres  of  Nebraska— White  River  Basin— Miocene.— 
From  this,  the  earliest  discovered  of  the  Tertiary  basins  of  the  West 
(see  Fig.  851,  p.  523),  have  been  collected  by  Hayden  and  described  by 
Leidy  more  than  40  species  of  mammals,  of  which  25  are  Ungulates, 
8  Carnivores,  and  the  remainder  mostly  Rodents.  Many  other  species 
have  been  discovered  in  the  same  locality  since  that  time.  All  tlie 
species,  nearly  all  the  genera,  and  many  even  of  the  families,  are  entirely 
different  from  those  found  in  the  preceding  epoch,  and  much  more 
modern.  Although  the  tapir-like  animals  still  prevail,  species  of  the 
deer,  the  camel,  the  horse,  and  the  dog  families  are  added.  This  is 
seen  in  the  following  schedule  : 

Carnivores 


Ungulates. 


The  most  extraordinary  animals  of  this  time  were  the  Brontotheri- 
dge.  This  family,  according  to  Marsh,  included  the  Brontotherium, 
the  Menodus  (Titanotherium),  the  Brontops,  and  several  other  genera. 


Hyena,  allies.  )  ^  ^ 
Wolf,        "     S  = 

PanUier,     "  l^"^^ 
Rhinoceros  family. 
RrontotheridiE. 
Tnpir-likc  animals. 
Deer  family. 
Camel  " 
Horse  " 
Rodents. 
Turtles. 
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They  were  of  elephantine  size,  with  singular,  saddle-shaped  head  like  a 
Rhinoceros,  and  witli  at  least  one  pair  ol'  large  horns  on  the  maxillaries. 


Pig.  9.6.— Brontops,  restored  by  Marsh,  x  ^. 


These  are  sometimes  enormously  elongated.  Fig.  926  is  a  restoration 
of  Brontops  by  Marsh.    They  are  a  very  distinct  family,  character- 


Pio.  027.— Kntelodon  crassus  (after  Miirsli),  »  ^.  Miocene. 


istic  of  tlie  Mioceno,  but  their  nearest  living  allies  arc  the  Rhinoceros 
and  the  Tapirs.    Like  the  latter,  they  had  three  hoofed  toes  on  the 
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hind-feet  and  four  on  the  fore-feet.  In  Fig.  927  we  give  a  restoration 
of  another  very  reinarlviible  animal  of  tliis  period. 


Fin.  028.— Aceratheriiim  tridactylum,  x  jig  (after  Otborn  and  Wortmaii). 


The  Rhinoceros  family  commenced  here,  and  were  abundant  in 
America.  A  restoration  of  an  early  generalized  form  is  given  in  Fig. 
928. 

Several  of  the  Horse  family  are  found  in  the  Miocene,  especially  the 
Mesoldpptis  and  the  Miohippus.    These  had  lost  the  fourth  toe  on  the 


FiQ.  020.— McBohlppUB  Bairdii,  x  A  (festered  by  Scott). 


foro-fcet  possessed  by  the  Oroh'ppus,  and  therefore  had  three  toes  on 
all  the  feet.    They  maybe  regarded  as  the  first  of  the  ^r?<e  horse  family, 
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EqxiidcB.  Tliese  threo-toed  horses  were  about  the  size  of  a  sheep.  In 
Fig.  929  we  give  a  restoration  of  the  Mesohippus. 

Tlie  Oreodon  was  another  remarkable  animal  of  generalized  struct- 
ure, intermediate  between  the  Hog  and  the  Deer,  wliich  at  this  time 
inhabited  in  great  numbers  the  whole  continent  from  Nebraska  to 
Oregon.  Thirty-five  species  of  Oreodontidae  are  known,  although  not 
all  from  this  horizon.    The  head  of  one  is  given  below  (Fig.  930). 


Fio.  930.— Oreodon  Culbertsoni  (after  Gaudry). 


Another  most  extraordinary  and  very  generalized  Artiodactyl,  found 
in  both  the  White  River  and  the  John  Day  basins,  is  the  Agriochgerus, 
a  restoration  of  which  is  given  in  Fig.  931.    The  singular  combination 


Fio.  981.— Agriochajrua  lutufrons,  Xx\i  (after  Wortinan). 


of  claw  and  hoof  and  the  plantigrade  tread,  especially  of  the  hind-feet, 
will  be  noted. 

The  great  abundance  of  the  Dog  family  in  the  Miocene  of  America 
and  their  comparative  scarcity  in  the  Old  World,  and  also  the  much 
greater  abundance  of  Rhinoceroses,  Horses,  and  Camels,  indicate  that 
all  those  families  probably  originated  here.    In  Fig.  932  we  give  a  res- 
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toration  of  the  Pa3brothere,  sxn  early  form  of  Camel,  and  in  Fig.  933  a 
most  remarkable  and  very  generalized  form  of  the  Uog  family. 


Fig.  932.— Poebrotherium  labiatum  x  4  (after  Scott). 

Among  Carnivores,  besides  many  species  of  the  Cat  family,  Cope 
has  described  ten  species  of  the  Dog  family.    The  saber-toothed  Tiger, 


Via.  933.— Hyienodon  crtientiis,  x  }  (restored  by  Scott). 
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Fig.  934.  — Iloiilophoiieiis  robiistns,  x  g  (after  Adams). 


a  most  remarkable  family,  which  culminated  later  in  the  Quaternary, 
seems  to  have  made  its  first  appearance  here.    In  Fig.  934  we  give  an 

early  Miocene  form  of  this 
family  of  Cats. 

It  is  well  to  note  thnt 
in  the  Miocene,  for  tiie 
first  time,  existing  families 
of  maiii/nals  began  to  ap- 
pear. We  have  here  tiio 
families  of  the  dog,  tlie 
cat,  the  deer,  the  camel,  the 
horse,  and  the  rhinoceros. 
It  is  well  to  note  also  that 
the  American  Continent, 
as  shown  by  the  uniqueness  of  its  mammalian  fauna,  was  still  largely, 
if  not  completely  isolated. 

9.  Mauvaises  Terres— Niobrara  Basin— Loup  Fork  Beds— Pliocene. 
— In  nearly  the  same  locality  overlying  the  last,  but  extending  farther 
south,  occur  lake-deposits  of  the  Pliocene  times,  full  of  niammalian  re- 
mains, but  iis^ain  wholly  different  in  species. 
Among  Ungulates  there  was  a  Rhinoceros, 
as  big  as  the  Indian  species ;  an  Elephant 
(E.  Americajius),  the  same  which  lived  in 
the  Quaternary,  bigger  than  any  now  liv- 
ing; a  Mastodon,  but  smaller  than  the 
great  Mastodon  of  the  Quaternary  ;  a  large 
number  of  the  horse  family  and  several  of 
the  camel  family,  besides  many  other  fam- 
ilies of  Ungulates,  Carnivores,  Rodents, 
etc.  Both  the  horse  and  the  camel  family 
were  more  numerously  represented  at  that  ~~~ 
time  in  America  than  in  the  Eastern  Continent.  In  fact,  it  is  not  at 
all  improbable  that  they  originated  here,  and  emigrated  to  the  other 
continent.  From  the  presence  of  Elephants,  Mastodons,  Rhinoceros, 
Camels,  and  Horses  oji  both  continents,  we  conclude  t/iat  the  two  con- 
tinents were  probably  connected  in  Pliocene  times. 

Among  the  horse  family  found  here,  the  most  interesting,  as  show- 
ing the  gradual  approach  toward  the  modern  horse,  are  the  Profohippus 
and  the  Pliohippus.  These  were  larger  than  the  Miocene  horses,  being 
about  the  size  of  the  ass.  The  former  was  three-toed,  but  the  two  side- 
toes  were  smaller  and  shorter  and  scarcely  functional,  unless  on  marshy 
ground ;  the  latter  had  already  lost  the  side-toes,  and  was  almost  but 
not  quite  a  perfect  horse. 

We  see  hero  for  the  first  time  existing  genera.   Elcphas,  Cants,  and  in 


Rhinoceros. 

Elephant. 

Mastodon. 

Several  of  the  Camel  family. 

Many  of  the  Horse  " 

Oreodon. 

Deer. 

Fox. 

Wolf. 

Tiger. 

Beaver. 

Porcupine. 
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the  higher  beds  Eqnus  begin  to  appear,  but  not  yet  existing  species,  for 
these  do  not  iippeur  until  the  Quaternary.  The  successive  appearance  and 
increasing  percentage  oi  existing  orders,  families,  genera,  and  species  of 
mammals,  is  shown  in  a  very  general  way  in  the  accompanying  diagram. 


Fig.  935.— The  Successive  Appearnnce  and  Increasing  Percentage  of  Existing  Orders,  Families, 

Genera,  and  Species  of  Mammals. 


Some  General  Observations  on  the  Tertiary  Mammalian  Fauna, — 1. 

Size  of  Brain. — Lartet  has  shown  that  the  brain-cavity  of  some  of  the 
Tertiary  animals  is  decidedly  smaller  relatively  than  that  of  their  liv- 
ing congeners.  Marsh  has,  moreover,  traced  a  gradual  increase  in  the 
relative  size  of  the  brain  from  the  earliest  Eocene  to  the  present  time. 
The  brain  of  the  Coryphodon,  Lower  Eocene,  is  not  only  extremely 
small  in  proportion  to  the  size  of  the  animal,  but  the  higher  portion  of 
the  brain — the  cerebral  lobes — is  very  small  in  proportion  to  the  cere- 
bellum. The  brain  of  the  Middle  Eocene  Dinoceras  is  only  about  one 
eighth  the  size  of  that  of  a  living  Khinoceros  of  equal  bulk.  The  brain 
of  the  Miocene  Brontothere  is  larger  than  that  of  the  Eocene  Dino- 
ceras, but  much  smaller  than  that  of  the  Pliocene  Mastodon  of  nearly 
the  same  size,  and  proportionally  much  smaller  than  that  of  the  horse 
(Figs.  936,  937,  and  9:38).  Through  the  whole  line  of  ancestry  of  the 
horse  the  gradually-increasing  size  of  the  brain  may  be  traced  step  by 
step.  As  already  seen,  page  510,  the  same  was  true  of  early  birds  and 
reptiles.  There  has  been  a  gradual  increase  in  brain-power,  and  there- 
fore in  nerve  and  muscular  energy,  in  all  cUisses. 

2.  Genesis  of  Existing  Orders. — We  have  seen  that  the  main 
branches  of  the  Mammalian  class  if  traced  backward,  approach  one 
another  very  closely  in  the  Early  Tertiary  ;  and  if  we  could  trace  them 
still  further  back,  they  would  unite  in  the  Cretaceous  in  a  common 
stem  ox  primal  mammal.  This  was  doubtless  a  plantigrade,  five-toed, 
bunodont,  omnivorous  animal.  From  this  common  stem  the  Car- 
nivores and  the  Ungulates— to  take  only  the  two  most  widely-con- 
trasted types— diverged  more  and  more  in  all  their  characters — the  one 
becoming  more  and  more  adapted  to  flesh-eating,  the  other  to  herb- 
eating;  the  one  for  seizing,  the  other  for  escaping— until  the  present 
extreme  types  were  attained. 

3.  Genesis  of  Existing  Families.— l^oi  only  did  these  two  main 
branches  separate  more  and  more,  but  each  of  them  branched  again  to 
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form  existing  families.  To  illustrate  this  we  take  the  order  of  Ungu- 
lates as  the  best  known. 

Cuvier  divided  all  Ungulates  into  two  orders,  viz.,  Pachyderms  and 
Ruminants.    The  Pachyderms  arc  a  heterogeneous  order,  but  the  Ku- 


Fio.  038. 


Skull  and  Brain,  x  J. 
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niinauts  have  been  regarded  as  one  of  the  most  distinct  of  all  mamma- 
lian orders.  Their  horns  in  pairs,  their  hoofs  in  pairs,  absence  of  npper 
front-teeth,  complex  stomachs,  and  the  habit  of  rumination,  dilferenli- 
ated  them  widely  from  all  other  animals.  But  Prof.  Owen  showed  that 
this  distinction,  so  clear  in  zoology,  was  untenable  in  paleontology. 
Me  found,  in  studying  extinct  Ungulates,  that  another  distinction,  viz., 
foot-structure,  was  more  fundamental  and  persistent.  He  therefore 
divided  all  Ungulates  into  PeHssoclactyls  (odd-toed)  and  Artiodactyls 
(even-toed).  A  Perissodactyl  may  have  five  toes,  as  in  the  Corypho- 
don  ;  or  three  toes,  as  in  the  Palseothere,  the  Rhinoceros,  and  the 
Tapir;  or  one  toe,  as  in  the  Horse.  The  Artiodactyls  always  have 
their  toes  in  pairs :  there  may  be  only  two  toes,  as  in  Anoplothere  and 
in  Euminants;  or  four,  as  in  the  Hog  and  the  Hippopotamus.  The 


TAP/ff  ELEPH  ff/PP?  HOG 


PaclrydeTm. 

\   •  \ 

■Ruminants. 


Primal  Ungulate 
(  Phenacodus) 

Fig.  939.— Diagram  illustrating  the  Differentiation  of  the  Different  Families  of  Ungulates. 

Elephant,  Mastodon,  etc.,  may  be  regarded  as  a  distinct  order.  Probos- 
cidians. It  is  probable  therefore,  that  Ungulates  very  early  divided 
into  three  branches. 

Now  in  the  Earliest  Tertiary  the  sub-orders  Artiodactyls  and  Peris- 
sodactyls  and  Proboscidians  were  united  in  a  common  ancestor  or 
primal  Ungulate,  from  which  they  afterward  separated.  The  Phen-xc 
odus  of  Cope  (Fig.  918,  p.  550)  is  perhaps  such  a  primal  Ungula'te 
Each  of  the  primary  branches  then  divided  and  again  divided  until 
the  extreme  branch  in  one  direction  became  the  Horse  and  the 
extreme  branch  in  the  other  direction  the  Ox.  In  the  tree  above  wc 
have  attempted,  in  a  general  way,  to  represent  the  differentiation  of 
the  several  orders  of  Ungulates.    The  Cuvierian  orders.  Pachyderms 
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and  Ruminants,  are  indicated  by  a  vinculum.  It  is  seen  at  a  glance 
why,  in  studying  living  anitnalS  alone,  the  Ruminants  seem  so  distinct. 

Genesis  of  the  Horse. — In  conclusion,  it  will  be  interesting  and  iu- 
strucLive  lo  run  out  one  of  these  branches  and  show  in  more  detail  the 
genesis  of  one  of  tlie  extreme  forms.  For  this  purpose  we  select  the 
Horse,  because  it  has  been  somewhat  accurately  traced  by  Huxley  and 
by  Marsh.  About  thirty-tive  or  forty  species  of  this  family,  ranging 
from  the  earliest  Eocene  to  the  Quaternary,  are  known  in  the  United 
States.    The  steps  of  evolution  may  therefore  be  clearly  traced. 

In  the  lower  part  of  tlie  Eocene  basin  {Coryphodoti  beds)  of  Green 
River  is  found  the  earliest  known  animal  in  the  direct  line  of  descent 
of  the  horse  family,  viz.,  the  Eohippus  of  Marsh.  Tiiis  animal  had 
three  toes  on  the  hind -foot  and  four  perfect,  serviceable  toes  on  the 
fore-foot;  but,  in  addition,  on  the  fore-foot  an  imperfect  fifth  meta- 
carpal (splint),  and  possibly  a  corresponding  rudimentary  fifth  toe  (the 
thumb),  like  a  dew-claw.  Also,  the  two  bones  of  the  leg  and  forearm 
Avere  yet  entirely  distinct.  This  animal  was  no  larger  than  a  fox. 
Next,  in  the  Middle  Eocene  (Bridger  beds),  came  the  Orohippus  of 
Marsh,  an  animal  of  similar  size,  and  having  similar  structure,  except 
that  the  rudimentary  thumb  or  dew-claw  is  dropped,  leaving  only  four 
toes  on  the  fore-foot.  Next  came,  in  the  Lower  Miocene,  the  Meso- 
liippus,  in  which  the  fourth  toe  has  become  a  rudimentary  and  useless 
splint.  Next  came,  still  in  the  Miocene,  the  Mioliipjms  of  the  United 
States  and  nearly-allied  AncJiithere  of  Europe,  more  horse-like  than 
the  preceding.  The  rudimentary  fourth  splint  is  now  almost  gone, 
and  the  middle  hoof  has  become  larger;  nevertheless,  the  two  side- 
hoofs  are  still  serviceable.  The  two  bones  of  the  leg  have  also  become 
united,  though  still  quite  distinct.  This  animal  was  about  the  size  of 
a  sheep.  Next  came,  in  the  Upper  Miocene  and  Lotoer  Pliocene,  the 
Frotohippus  of  the  United  States  and  allied  Hippnrion  of  Europe,  an 
animal  still  more  horse-like  than  the  preceding,  both  in  structure  and 
size.  Every  remnant  of  the  fourth  splint  is  now  gone;  the  middle 
hoof  has  become  still  larger,  and  the  two  side-hoofs  smaller  and  shorter, 
and  no  longer  serviceable,  except  in  marshy  ground.  It  was  about  the 
size  of  the  ass.  Next  came,  in  the  Pliocene,  the  Pliohippns,  almost  a 
complete  horse.  The  hoofs  are  reduced  to  one,  but  the  splints  of  the 
two  side-toes  remain  to  attest  the  line  of  descent.  It  differs  from  the 
true  horse  in  the  skull,  shape  of  the  hoof,  the  less  length  of  the  molars, 
and  some  other  less  important  details.  Last  comes,  in  the  Quntcruary, 
the  modern  horse—  Eqints.  The  hoof  becomes  rounder,  the  splint-bones 
shorter,  the  molars  longer,  the  second  bone  of  the  leg  more  rudimentary, 
and  the  evolutionary  change  is  complete. 

Similar  gradual  changes,  becoming  more  and  more  horse-like,  may 
be  traced  in  the  shape  of  the  head  and  neck,  and  especially  in  the 


gradually-incre 
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asing  length  and  complexity  of  structure  of  the  grind- 


Eauus :  Quaternary  and 
liecouL 


d 


Pliohippus:  Pliocene. 


Protohippus;  Lower  Pliocene. 


llioMppus:  Miocene. 


Mesohippus:  Lower  Miocene. 


Orohippus:  Eocene. 


Fio.  940.— t)i(iernm  illnstratinsr  nrnrlnnl  Clinnsns  in  thn  Horan  Fnmilv.  Tlironchont  o  is  foro-foot; 
b,  hinfl-fiKit;  f.  fore-arm:  pliniik;  e,  molar  on  aide  view;  / iind  r/,  grinding  piirfncu  of  tipper 
and  lower  molars.   (After  Mareli.) 
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ing  teeth.  These  changes  are  shown  in  Tig.  940,  for  wliich  we  are 
indebted  to  the  kindness  of  Prof.  Marsli.  Tiie  Eohippus  is  not  rep- 
resented, but  figures  of  its  feet  are  given  in  Fig.  920,  p.  551. 

There  can  be  no  doubt  that  if  we  could  trace  the  line  of  descent  still 
further  back  we  would  find  a  perfect  five-toed  ancestor.  From  this 
normal  number  of  five,  the  toes  have  been  successively  dropped,  ac- 
cording to  a  regular  law.  In  the  Ferissodadyl  line  first  the  thumb. 
No.  1,  was  dropped ;  then  the  little  finger,  No.  5 ;  then  the  first  and 
ring-fingers,  Nos.  2  and  4,  were  shortened  up  more  and  more  and  llnally 
disappeared,  and  only  the  middle  finger,  No.  3,  remained  in  the  modern 
horse.  In  the  Artioclactyl  line,  after  the  dropping  of  No.  1,  then  Nos. 
2  and  5  of  the  four-toed  foot  were  shortened  and  gradually  disappeared, 
and  Nos.  3  and  4  remained  in  the  ruminants. 

In  a  similar  way  Cope  has  traced  the  line  of  descent  of  the  camel 
fi'om  the  Pantolestes  of  the  Early  Eocene,  through  the  Poebrotherium 
(Fig.  932)  of  the  Miocene,  and  the  Procamelus  of  the  Pliocene,  to  the 
modern  camel.*  Similarly  also  the  modern  deer,  with  its  branching 
antlers,  may  be  traced  from  the  Lower  Pliocene,  where  they  had  antlers 
of  one  or  two  points,  through  the  Upper  Pliocene,  where  the  antlers  are 
more  complex,  to  the  magnificent,  many-branched  antlers  of  the  Qua- 
ternary and  modern  times. 

From  the  earliest  and  most  generalized  types,  therefore,  to  the  pres- 
ent specialized  types,  the  principal  changes  have  been,  first,  from  planti- 
grade to  digitigrade ;  second,  from  short-footed  digitigrade  to  long- 
footed  digitigrade,  i.  e.,  increasing  elevation  of  the  heel ;  third,  from 
digitigrade  to  unguligrade,  i.e.,  rising  on  tips  of  the  toes;  fourth,  from 
five  toes  to  one  toe  in  the  Horse,  or  two  toes  in  Ruminants;  and, 
fifth,  from  simple  omnivorous  molars  to  the  complex  herbivorous 
millstones  of  the  Horse  and  the  Ox. 

The  change  from  plantigrade  to  digitigrade  and  from  digitigrade 
to  unguligrade,  with  increasing  elevation  of  the  heel,  when  taken  in 
connection  with  increasing  size  of  the  brain,  and  therefore  presumably 
with  increasing  brain-power,  shows  a  gradual  improvement  of  struct- 
ure adapted  for  speed  and  activity,  and  a  jmri-passu  increase  of  nerv- 
ous and  muscular  energy,  necessary  to  work  the  improved  structure. 

4.  Not  only  does  the  mammalian  fauna  of  the  Miocene  differ  com- 
pletely from  that  of  the  Eocene,  which  precedes,  and  from  the  Pliocene, 
which  succeeds  it,  but  there  seem  to  have  been  at  least  three  or  four 
distinct  Eocene  and  seven  or  eight  distinct  Miocene  faunas.  Thus 
there  have  been  many  complete  changes  in  the  mammalian  fauna  in 
Tertiary  times. 


*  American  Naturalist,  vol.  xx,  p.  611,  1S86. 
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General  Observations  on  the  Tertiartj  Period. 

We  have  already  seen  (p.  486)  that  during  Cretaceous  times  a  wide 
sea,  occupying  the  position  of  the  Western  Plains  and  Plateau  region, 
divided  America  into  two  Continents,  an  Eastern  and  a  Western.  We 
have  also  seen  (p.  513)  that  at  the  end  of  the  Cretaceous  this  sea  was 
obliterated  by  continental  upheaval,  and  the  continent  became  one. 
During  the  Eocene,  the  eastern  portion  of  the  place  formerly  occupied 
by  this  sea  was  probably  dry  land,  but  in  the  Plateau  region  there 
were  great  fresh-water  lakes,  one  north  of  the  Uintah  Mountains, 
Green  Elver  Basin,  and  one  south  of  the  same,  and  probably  one  in 
Oregon.  There  were  possibly  others  yet  unknown.  At  the  end  of 
the  Eocene,  there  was  a  rise  in  the  Plateau  region,  which  drained  tlie 
Eocene  lakes,  through  the  Colorado  River,  and  a  corresponding  depres- 
sion in  the  Plains  region  on  the  one  side,  and  the  Basin  region  on  the 
other,  not  sufficient  to  form  a  sea  again,  but  sufficient  to  form  great 
Miocene  lakes  there.  During  the  Miocene,  the  bared  bottoms  of  the 
Eocene  lakes  were  subject  to  prodigious  erosion,  and  much  of  the  gen- 
eral erosion  of  the  Plateau  region  occurred  at  that  time.  At  the  end  of 
the  Miocene  occurred  the  greatest  event  of  the  Tertiary  period,  one  of 
the  greatest  in  the  history  of  the  American  Continent.  At  that  time 
the  sea-bottom  oil  the  then  Pacific  coast  was  crushed  together  into  the 
most  complicated  folds  (p.  270),  and  swollen  up  into  the  Coast  Chain, 
and  at  the  same  time  fissures  were  formed  in  the  Cascade  Eange,  with 
the  outpouring  of  the  great  lava-flood  of  the  Northwest,  already  spoken 
of  (pp.  218,  273).  Coincidently  with  this  there  was  a  further  letting 
down  of  the  region  of  the  Plains  and  of  the  Basin,  and  a  consequent 
extension  of  the  Pliocene  lakes  in  these  regions,  attended  probably  with 
a  further  rise  of  the  Plateau  region.  During  the  Pliocene,  the  greater 
part  of  the  cafl on-cutting  of  the  Plateau  region, and  nearly  all  the  great 
lava-flows  of  the  West,  took  place.  At  the  end  of  the  Tertiary,  these 
Pliocene  lakes  were  in  their  turn  obliterated  by  the  further  upheaval 
of  the  continent,  which  inaugurated  the  Quaternary.  Coincident  with 
this  general  uplift,  mountain-making  by  crust-block  tilting  occurred 
on  a  grand  scale.  The  Sierra,  the  Wahsatch,  and  the  Basin  Eangcs 
assumed  their  present  form  and  height  (p.  276),  and  the  great  north 
and  south  fault-cliffs  of  the  Plateau  region  were  mainly  formed.  At 
the  same  time  there  occurred  another  elevation  of  the  Coast  Eange, 
and  a  folding  of  its  Pliocene  strata  with  outpouring  of  lavas.  And  last 
of  all  the  final  sculpturing  of  both  Sierra  and  Coast  Eanges  began,  and 
all  the  grand  caflons  of  the  Sierra  and  the  inner  gorge  of  the  Colorado 
canon  were  formed  since  that  time. 

While  this  was  going  on  in  the  tvestcrn  portion  of  the  continent,  on 
the  southeastern  and  southern  border  the  continent  gained,  by  gradual 
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rise,  nearly  all  the  area  shuded  as  Tertiary  on  map  (p.  524).  In  this 
direction  the  continent  was  finished  with  the  exception  of  a  large  por- 
tion of  Florida  and  the  sea-islands  nnd  alluvial  Jlals*  about  the  shores 
of  the  Southern  Atlantic  and  Gulf  States.  These  belong  to  a  still  later 
period. 

Thus  we  see  that  from  the  end  of  the  Cretaceous  to  the  end  of  the 
Tertiary  thei'e  was  a  gradual  upheaval  of  the  whole  western  half  of  the 
continent,  by  which  the  axis,  or  lowest  line,  of  the  great  interior  con- 
tinental basin  was  transferred  more  and  more  eastward  to  its  present 
position,  the  Mississippi  Kiver.  Probably  correlative  with  this  up- 
heaval of  the  western  half  of  the  continent  was  the  down-sinking  of 
the  mid-Pacific  bottom,  indicated  by  coral-reefs  (p.  IGO).  Also  as  a 
consequence  of  the  same  upheaval  the  erosive  power  of  the  rivers  was 
greatly  increased,  and  thus  were  formed  those  deep  caflons  in  the 
regions  (New  Mexico,  Colorado,  and  Arizona)  where  the  elevation  was 
greatest.  Thus  the  doion-sinking  of  the  mid- Pacific  bottom,  the  bodily 
upheaval  of  the  Pacific  side  of  the  continent,  and  the  doton-cuUing  of 
the  river-channels  into  those  wonderful  canons,  arc  closely  connected 
with  each  other. 

Section"  2.— Quaternary  Period. 

Characteristics. — The  chief  characteristic  of  the  Quaternary  is  that 
it  is  a  period  of  great  and  widely  extended  oscillations  of  the  earth's 
crust  in  high-latitude  regions,  attended  ivith  great  changes  of  climate. 
During  this  period  the  class  of  mammals  seem  to  have  ciilminated. 
During  this  period  also  ma^i  seems  to  have  apjieared  on  the  scene.  We 
do  not  call  it  the  age  of  Man,  however,  because  he  had  not  yet  estab- 
lished his  reign.  His  appearance  here  is  rather  in  accordance  with  the 
law  of  anticipation  (p.  291).  As  already  stated,  the  invertebrate  fauna 
was  almost  identical  with  that  still  living,  but  the  mammalian  fauna 
was  almost  wholly  peculiar,  differing  both  from  the  Tertiary  which 
preceded  and  from  the  present  which  followed  it. 

Subdivisions. — The  Quaternary  period  is  divided  into  two  epochs, 
viz.:  I.  Glacial;  11.  Champlain.  These  epochs  are  characterized  by 
the  attitude  of  the  land  surface  and  t\\& character  of  the  climate.  The 
Glacial  epoch  is  characterized  by  an  upward  movement  of  the  crust  in 
high-latitude  regions,  until  the  continents  in  those  regions  stood  1,000 
to  3,000  feet  above  their  present  height.  Large  portions  of  these  re- 
gions seem  to  have  been  sheeted  with  ice,  and  an  arctic  rigor  of  climate 
extended  far  into  now  temperate  regions. 

The  Champlain  epoch,  on  the  contrary,  is  characterized  by  a  doion- 

*  In  some  places  about  the  shores  of  the  Gulf,  for  reasons  which  will  bo  explained 
hereafter,  the  Quaternary  deposits  arc  considerably  elevated  above  the  sca-lovcl  (p.  5S1). 
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ward  motion  of  land-surfaces  in  tlie  same  region  until  the  sea  stood 
relatively  500  to  1,000  feet  above  its  present  level,  covering,  of  course, 
much  that  is  now  laud-surface.  It  was,  therefore,  a  period  of  inland 
seas.  Coincident  with  this  sinking  was  a  moderation  of  climate,  and  a 
vielting  of  the  ice.  It  was,  therefore,  also  a  period  of  great  lakes  and 
flooded  rivers.  Over  the  inland  seas  and  great  lakes,  masses  of  ice, 
"loosened  from  the  ice-sheet  on  tlieir  uorthui'ii  borders,  flouted.  It  was, 
therefore,  also  a  period  of  icebergs.  From  this  subsided  condition  the 
land  rose  again  gradually  to  its  [)reseut  condition.  This  restoration  is 
sometimes  called  the  Terrace  epoch. 

Although  we  call  these  divisions  epuclix.,  yet  we  must  not  suppose 
that  they  are  equal  in  length  lo  the  epochs  of  earlier  times.  As  we 
approach  tlie  present  time,  and  the  number  and  interest  of  events  in- 
crease, our  divisions  of  time  become  shorter  and  shorter. 

It  is  so  difficult  to  separate  these  epochs  shai'piy  from  each  other  in 
all  countries,  and  to  synchronize  them,  that  it  seenis  best  to  treat  of  the 
whole  Quaternary  period,  taking  up  the  epochs  successively — first  in 
Eastern  North  America,  as  the  type  or  term  of  compai'ison,  then  of 
the  same  on  the  Pacific  coast,  and  last  of  the  same  in  Europe. 

Quaternary  Period  in  Eastern  North  America. 

I.  Glacial  Epoch. 

The  Materials  —  Drift. — Strewed  all  over  the  northern  part  of 
North  America,  over  hill  and  dale,  over  mountain  and  valley,  covering 
alike  nearly  all  the  country  rock,  Archaean,  Palaeozoic,  Mesozoic,  and 
Tertiary,  to  a  depth  of  30  to  300  feet,  and  thus  largely  concealing 
them  from  view,  is  found  a  peculiar  surface  soil  or  deposit.  It  con- 
sists of  a  heterogeneous  mixture  of  clay,  sand,  gravel,  pebbles,  sub- 
angular  stones  of  all  sizes,  unsorted,  unstratified,  unfossiliferous — of 
all  sorts  of  materials  on  all  sorts  of  bed  rock,  wholly  unrelated  to  the 
underlying  rock  and  therefore  universally  shifted.  The  lowest  part, 
lying  in  immediate  contact  with  the  subjacent  country  rock,  is  often 
a  stiff  clay  inclosing  subangular  stones — i.  e.,  rock-fragmeuts  with  the 
corners  and  edges  rubbed  off.  This  we  will  call  the  ''Stony  clay" 
or  '■'■Bo^dder  clay  "  or  "  Till.''''  It  is  precisely  like  the  ground-moraine 
of  a  glacier  (p.  55).  Over  this  is  often  found  in  places  a  looser  material 
with  angular  stones,  like  the  top  moraine  of  glaciers.  Lying  on  the 
surface  of  this  drift-soil  are  found  many  bowlders  of  all  sizes,  often  of 
huge  dimensions,  sometimes  even  100  tons  or  mnre.  The  imbedded 
subangular  stones  are  usually  marked  with  parallel  .^cratches  (Fig.  941), 
and  the  large  surface- bowlders  are  usually  angular  and  unscratched. 
The  depth  of  this  material  is  greatest  in  the  valleys  and  least  on  hill 
and  mountain  tops. 
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It  is  difficult,  nay,  impossible,  to  give  a  description  of  this  peculiar 
deposit,  which  will  apply  in  all  cases.    Sometimes  scattered  about  ir- 


Fi(i.  fl41.— Snbangular  Stone  (after  Geikie). 

regularly  through  the  unstratified  mass  are  portions  which  are  roughly 
and  irregularly  stratified,  the  laminae  being  often  contorted  in  the 
most  fantastic  way  (Figs.  942-944).  Sometimes  the  true  stony  clay  or 
till  is  covered  with  a  more  regularly  stratified  material,  consisting  of 
sand  and  gravel,  apparently  subsequently  deposited  from  water.  This 
is  particularly  the  case  in  the  basin  of  the  Mississippi,  as,  e.  g.,  in  Ohio, 
Illinois,  and  Iowa.  It  is  prob- 
able, however,  that  much  of 
this  belongs  to  the  next  epoch, 
Champlain.  Sometimes  irreg- 
ular mound-like  deposits  are 

left  in  the  retreat  of  the  ice.    

These  are  called  hameS,  drum-   Fm.  942.-Section  ""^I^nsh^Creek,  near  Mono  Lake, 

Uns,  osdrs,  etc.    Karnes  are 

mound-like  deposits  of  stratified  materials.  When  elongated  and 
meandering  they  are  called  osdrs.  Drumlins  are  leus-hke  masses  of 
till  elongated  in  the  direction  of  glacial  motion.    The  conditions 
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under  which  these  are  formed  are  imperfectly  understood,  but  it  is  be- 
lieved that  kames  and  osars  are  deposits  from  super-glacial  or  sub- 
glacial  streams,  while  drumlius  are  masses  of  ground- moraines  rounded 
into  turtle-back  forms  by  glacial  erosion. 

We  have- said  that  the  deposit  is  peculiar.  Nothing  resembling  it 
is  found  anywhere  in  tropical  or  low-latitude  countries.    lu  the  Soutli- 


FiG.  944.— Section  of  Orange  Sand  or  La  Fayette  Formation,  Mississippi  (after  Hilgard). 

ern  Atlantic  States,  for  instance,  the  soil  is  mostly  either  the  insoluble 
residue  of  rocks  decomposed  in  situ,  or  else  consists  of  neatly  stratified 
sands  and  clays. 

Drift-material  is  not  usually  represented  on  geological  maps,  since 
it  covers  all  kinds  of  country  rock  ;  or  else  the  colors  representing  the 


Fig.  945.— Outcropping— Eroded  Country  Rock  overlaid  by  Drift. 

various  kinds  and  ages  of  country  rock  are  simply  dotted  to  indicate 
the  presence  of  this  surface-material.  In  sections,  of  course,  it  is  easily 
represented,  as  in  Fig.  945. 

The  Bowlders — The  most  casual  examination  of  the  great  bowlders 
is  sufficient  in  many  eases  to  show  that  they  do  not  belong  to  the  coun- 
try Avhere  they  now  lie,  for  they  are  of  entirely  different  material  from 
the  country  rock.  For  example,  blocks  of  granite  are  found  where 
there  is  no  granite  Avithin  many  miles,  blocks  of  sandstone  on  a  coun- 
try rock  of  limestone,  or  vice  versa.  In  many  cases  it  is  easy  to  find 
the  parent  ledge  from  which  these  great  fragments  were  torn,  and  thus 
to  trace  the  direction  of  their  transportation.  From  many  observations 
of  this  kind  it  has  been  determined  that  in  New  England  the  bowlders 
have  come  usually  from  the  northwest,  in  Ohio  from  the  north,  and  in 
Iowa  from  the  northeast.  In  other  words,  from  the  highlands  of 
Canada  and  a  ridge  running  thence  northwestward  (Archaean  area), 
the  general  direction  of  travel  has  been  southeast,  south,  and  soutli- 
west.    North  of  the  Archajan  areas  the  travel  was  probably  in  some 
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cases  even  northward.  The  distance  carried  may  be  only  a  few  miles, 
or  may  bo  ten,  lirty,  one  hundred,  or  even  several  hundred  miles.  In 
many  cases  Uiey  niiist  liave  been  cari'ied  across  valleys  1,000  or  2,000 


Pio.  046.— Bed-rock  scored  with  glacial  iriavkp.  near  Amherst,  Ohio.   (From  a  photograph  by 

Chamberlin.) 


feet  deep,  and  ]od2;c>d  lii^'i  np  on  the  mnnutiiin  beyond.  In  many 
portions  of  New  Eni;l;iii(l  and  about  Lake  Snpevior  the  number  of 
fragments,  small  and  great,  is  so  large  as  seriously  to  encumber  the 
soil.  Not  only  the  large  bowlders,  however,  but  the  whole  mass  of 
tlie  material  we  have  been  describing,  seem  to  have  been  shifted  to  a 
greater  or  less  extent.  It  is  for  this  reason  that  the  material  has  been 
called  Drift. 

Surface-Rock  underlying  Drift— On  removing  the  drift-covering 
the  underlying  rock  is  everywhere  jxilishcil  :!ud  planed  and  scored  with 
parallel  lines  (Fig.  94G)  deeply  flnterl  (Fig.  947),  and  vwiifoniie,  pre- 
cisely like  rocks  over  which  a  glacier  has  passed  (see  Fig.  43,  p.  50). 
We  will,  therefore,  call  this  surface-appearance  glacintmi."  Exami- 
nations of  the  scorings  show  that  they  often  pass  straight  up  inclines 
for  considerable  distances,  i.  e.,  np  one  side  of  a  hill,  over  the  top,  and 
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down  the  other  side.  Their  direction  is  uninfluenced  by  smaller  in- 
equalities of  surface,  though  ihey  are  thus  influenced  by  the  great 
valleys  aud  mountaiii-rid(je,s. 

The  general  direction  of  the  scorings  corresponds  wiih  that  of 
transportation  of  the  bowlaers,  showing  that  they  are  due  to  the  same 


Fig.  947.— Glacial  Flutinss  of  Bed-rock,  near  Burlington,  Iowa,  x  ^  (after  Kejes). 


cause.  Perfect  soil  on  perfect  sound  rock  always  shows  that  the  soil 
has  not  been  formed  in  situ,  but  has  been  shifted  :  the  polishivg,  2^^''^'' 
ing,  scoring,  etc.,  of  the  rock  show  that  the  agent  of  the  shifting  has 
been  ice. 

Extent. — The  general  extent  of  these  more  conspicuous  and  char- 
acteristic phenomena,  viz.,  the  glnciation,  the  stony  day,  and  the  great 
bojolders,  is  down  to  about  40°  north  latitude.  The  line  of  southern 
limit  cuts  the  Atlantic  coast  about  40°,  near  New  York;  it  then  bends 
a  little  southward  to  37°  30'  in  Southern  Illinois,  and  then  turns  a 
little  northward  again  as  it  passes  west,  and  may  be  traced  northwest- 
ward nearly  to  Montana  (Fig.  949),  and  reappears  on  the  Pacific  slope  in 
the  southern  portion  of  British  Columbia  (Dawson)^.  South  of  this  line 
the  characteristic  phenomena  mentioned  above  are  not  found  except  as 
produced  by  locid  glaciers  in  high  mountains,  as  in  Colorado,  where 
the  glaci:ition  and  the  moraines  are  very  conspicuous  (Fig.  948).  liut 
in  the  valley  of  the  Mississippi,  and  on  each  side  to  a  considerable  dis- 
tance, a  superficial  gravel  and  pebble  deposit,  containing  northern 
bowlders — called  by  Prof.  Uilgard  "  La  Fayette  Formation  " — extends 
to  the  shores  of  the  Gulf.* 


*  There;  is  much  discussion  about  tlie  age  and  origin  of  this  deposit.  It  probably  be- 
longs to  the  earliest  Quaternary,  or  else  the  latest  Pliocene.    But  whether  it  is  a  torrcn- 
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Fig.  948. — Moraines  of  Grape  Creek,  Sangre  del  Cristo  Mountains,  Colorado  (after  Stevenson). 


Marine  Deposits. — Along  the  Atlantic  coasts  we  find  no  marino 
deposits  of  this  time,  for  the  obvious  reason  that  the  continent  was  then 
more  elevated  than  now ;  whatever  marine  deposits  were  then  formed 
are  now  covered  by  the  sea. 

Theory  of  the  Origin  of  the  Drift. 

When  the  phenomena  of  the  Drift  were  first  observed,  they  were 
supposed  to  indicate  the  agency  of  powerful  currents,  such  as  could  be 
produced  only  by  the  most  violent  and  instantaneous  convulsions.  A 
sudden  upheaval  of  the  ocean-bed  in  northern  regions  was  supposed  to 
have  precipitated  the  sea  upon  the  land,  as  a  huge  wave  of  translation, 
which  swept  from  north  toward  the  south,  carrying  death  and  ruin  in 
its  course.  Hence  the  deposit  was  often  called  Diluvium  (deluge- 
deposit).  Noio,  however,  they  are  universally  ascribed  to  the  agency  of 
ire  acting  sloioly  through  great  periods  of  time.  Hence  the  name 
(rlacial  epoch. 

As  to  the  manner  in  which  the  ice  acted,  however,  opinions  have 
been  more  or  less  divided,  some  attributing  the  phenomena  to  the  agency 
of  land -ice — glaciers — others  to  that  of  drifting  icebergs.  According 
to  the  one,  the  land  during  this  epoch  was  greatly  raised  and  covered 
with  glaciers ;  according  to  the  other,  the  same  area  was  sunk  several 


tial  deposit  indicating  elevation  (Hilgard),  or  a  marine  deposit  and  indicating  sub-sidencc 
(McGce),  is  not  yet  settled. 
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thousand  feet  aud  swept  by  drifting  icebergs,  carried  southward  by  cur- 
rents, and  dropping  their  load  of  eartli  and  stones.  The  one  is  called 
the  glacier  theory,  the  other  the  iceberg  theory. 

It  is  probable  that  both  these  agencies  were  at  work,  either  at  the 
same  time  or  consecutively;  but  the  decided  tendency  of  science  is 
toward  the  recognition  of  glaciers  as  the  principal  agent  during  this 
earlier  epoch  of  the  Quaternary.  The  more  the  phenomena  are 
studied,  and  the  more  glaciers  are  studied,  especially  in  polar  regions, 
the  larger  is  the  share  attributed  to  this  agency.  We  will  not  discuss 
this  question,  but  simply  give  the  present,  condition  of  science  on  the 
subject. 

Statement  of  the  most  Probable  View. — The  most  probable  view 
for  America,  and  also  for  other  countries,  is,  that  the  Drift,  or  at  least 
the  most  characteristic  phenomena  of  the  Drift,  viz.,  the  glaciation,  the 
v)i sorted  botvlder-clay,  aud  in  many  cases  also  the  great  traveled 
bmvlders,  are  due  to  the  action  of  glaciers.  They  are  therefore  a  land- 
deposit,  and  not  a  sub-aqueous  deposit.  For  general  proof  of  this,  let 
any  one  study  the  phenomena  of  living  glaciers,  in  the  Alps  and  else- 
where ;  then  let  him  study  the  appearances  left  by  the  recently  dead 
glaciers  of  the  Sierra ;  and  then  let  him  study  the  phenomena  of  the 
J  )rift,  especially  the  stony  clay  and  the  underlying  glaciated  surfaces. 
It  will  be  impossible  for  him  to  come  to  any  other  conclusion  than  that 
the  same  agent  has  been  at  work  in  all  these.  In  some  cases  still 
more  conclusive  evidence  is  found  in  the  existence  of  distinct  terminal 
moraines. 

Objections  answered. — Many  objections  have  been  brought  against 
this  view,  which  may  be  compendiously  stated  as  follows :  1.  In  glacial 
regions,  like  Switzerland,  the  Himalayas,  etc.,  the  glaciers  run  in  all 
directions;  but  the  Drift  was  carried  over  wide  areas,  in  a  general 
direction.  Such  a  general  direction  is  easily  accounted  for  by  the 
action  of  icebergs  carried  by  marine  currents.  2.  The  agent  of  the 
Drift  seems  to  have  been  often  uninfluenced  by  the  direction  of  valleys 
and  ridges  even  of  considerable  size ;  thus,  for  instance,  bowlders  are 
carried  across  valleys  500  or  1,000  feet  deep,  and  lodged  as  high  up  on 
the  mountain-slope  on  the  other  side.  This  is  perfectly  consistent 
with  the  action  of  icebergs  drifting  over  an  uneven  sea-bottom,  but  in- 
consistent with  our  usual  notions  of  glacial  action.  3.  The  great  dis- 
tance carried,  sometimes  one  hundred  miles  or  more,  is  precisely  what 
we  might  expect  of  icebergs,  but  difficult  to  reconcile  with  our  usual 
notions  of  glaciers.  4.  Alpine  glaciers  will  not  move  on  a  slope  of  less 
than  2°  or  3°,  but  such  a  slope,  carried  several  hundred  miles,  would 
produce  an  incredible  elevation  of  land.  A  slope  of  2^°  for  200  miles 
would  produce  an  elevation  of  nearly  nine  miles ! 

These  were  unanswerable  objections  so  long  as  our  ideas  of  glaciers 
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were  confined  to  those  of  temperate  climates;  but  they  all  find  their 
complete  answer  iu  the  phenomena  of  the  polar  ice-sheet.  Greenland  is 
1,300  miles  long  and  400  or  600  miles  wide.  This  whole  area  of  over  a 
half-million  of  square  miles  is  covered  3,000  to  G,000  feet  deep  with 
ice.*  This  ice-mantle  moves  eii  viasse  seaward,  molding  itself  on  the 
surface  inequalities  of  the  country,  and  chiseling  that  surface  beneatli 
itself,  producing  universal  glaciation,  and  only  separating  into  distinct 
glaciers  at  its  margin.  In  antardic  I'cgions,  the  general  ice-sheet  is 
even  still  more  extensive  and  thick.  Its  extent  has  been  estimated  as 
4,000,000  to  8,000,000  square  miles,  and  its  thickness  10,000  feet. 
Now,  it  is  to  such  an  ice-mantle  that  the  Drift  is  to  be  ascribed,  for  it 
moves  irrespective  of  smaller  valleys,  in  one  general  direction  over  great 
areas,  to  great  distances,  and  over  a  slope  of  only  1°  or  even 

Probable  Condition  of  Things  in  tlie  Eastern  part  of  the  Contiaent 
during  the  Glacial  Epoch  — The  continental  elevation,  which  com- 
menced in  the  Pliocene,  culminated  during  this  time.  In  the  northern 
j)art  of  the  continent  it  probably  reached  3,000  to  3,000  feet  above  its 
present  level.  The  shore-line  was  at  least  as  far  out  as  the  submerged 
continental  margin,  and  all  tlie  coast  islands  of  this  part  were  added  to 
the  continent.  The  evidence  of  this  is  found  in  submarine  channels 
off  the  mouths  of  all  the  great  rivers,  such  as  the  St.  Lawrence, 
the  Hudson,  the  Delaware,  etc.,  trenching  the  submerged  continental 
plateau  and  deeply  notcliing  its  border  ;  for  these  were  evidently  formed 
by  erosion  during  the  Tertiary.  The  axis  of  elevation  was  the  Cana- 
dian Archaean  highlands,  and  thence  it  became  less  both  northward  and 
southward,  but  undoubtedly  extended  to  the  shores  of  the  Gulf.  Coin- 
cidently  with  this  elevation,  and  presumably  as  its  effect,  the  whole 
northern  part  of  the  continent  was  covered  with  a  general  ice-sheet, 
10,000  feet  thick  over  Canada,  6,000  feet  over  New  England,  and  thin- 
ning southward.  From  this  Archtean  area  as  a  radiant  the  ice  moved 
with  slow,  glacial  motion  southeastward,  southward,  and  southwest- 
ward  over  New  England,  New  York,  Ohio,  Illinois,  Iowa,  and  Dakota, 
regardless  of  all  but  the  greatest  inequalities — filling  the  valleys, 
sweeping  over  the  mountain-tops,  and  glaciating  the  whole  surface  in 
its  course.  Northward  the  sheet  perhaps  extended  to  the  poles, 
although  it  was  thickest  on  the  Archaean  axis;  for  there  are  evi- 
dences of  a  northward  movement  from  this  axis  in  some  places.  Its 
eastward  limit  was  beyond  the  present  coast-line ;  its  southern  limit 
about  38°  to  40°  north  latitude  (Fig.  949).  Even  farther  south,  high 
mountain-ranges,  like  the  Colorado  mountains,  were  ice-covered,  and 
great  glaciers  streamed  down  their  flanks  and  left  their  moraines  (Fig. 
948).    Along  the  New  England  coast  possibly  the  ice-sheet  in  many 
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places  ran  into  the  sea  and  produced  icebergs,  but  wherever  the  limit 
was  on  hind,  as  in  the  interior  of  the  continent  and  in  some  places 
even  on  the  eastern -coast,  it  probably  formed  a  terminal  moraine,  but 
this  was  feeble,  and  has  been  mostly  washed  away  by  subsequent 
erosion. 

Terminal  Moraines  of  the  Ice-Sheet. — "We  have  already  seen  that  the 
limit  of  the  ice-sheet — where  this  was  on  land — was  probably  marked 
by  a  moraine.  Fragments  of  such  a  moraine  have  been  found  along 
this  limit,  especially  in  its  eastern  part.  Westward  it  has  been  mostly 
washed  away  by  the  floods  issuing  from  the  melting  and  retreating 
ice-sheet.  The  extreme  limit,  therefore,  in  most  places  is  best  shown 
by  the  presence  of  glaciation.  In  one  way  or  another  it  may  be  traced 
throughout  its  whole  extent.  Its  most  northeastern  end  is  found  at 
Cape  Cod ;  thence  it  goes  southwest  throughout  Nantucket,  Martha's 
Vineyard,  and  Long  Island ;  thence  through  Northern  New  Jersey, 
Northeastern  Pennsylvania,  touching  the  southern  border  of  New 
York ;  thence  southwest  through  Ohio  to  the  Ohio  River,  whose  north- 
ern border  it  follows  (crossing  it,  however,  once  just  below  Cincinnati) 
to  the  Mississippi ;  thence  crossing  the  Mississippi  it  follows  the  Mis- 
souri on  its  south  side,  and  so  northwestward  through  Montana  and 
into  British  America.  This  may  be  called  the  ice-sheet  boundary.  It 
is  but  little  affected  by  topography,  passing  almost  straight  over  hill 
and  dale.  Its  moraine  is  not  very  distinct  now,  and  probably  never 
was  so  distinct  as  that  at  the  later  limit. 

After  reaching  this  extreme  limit,  the  ice-sheet  retreated  to,  or 
probably  beyond,  the  Great  Lakes,  and  then  advanced  again,  but  not  so 
far  as  before.  This  second  and  more  recent  advance  is  marked  by  a 
very  distinct  and  nearly  continuous  moraine  of  irregular,  deeply-lobed 
outline.  In  its  eastern  part  this  second  ice-sheet  moraine  is  coincident 
with,  or  undistinguishable  from,  the  first  already  described.  But  in 
Ohio  the  two  moraines  part  company ;  the  second  moraine,  instead  of 
passing  southward  to  the  Ohio  Eiver,  sweeps  in  a  series  of  looping 
curves  about  the  Great  Lakes  and  through  Iowa,  and  thence  northwest- 
ward on  the  north  side  of  the  Missouri,  through  Dakota,  into  British 
America.  The  discovery  of  this  moraine,  which  we  owe  chiefly  to 
Chamberlin  and  Upham,  must  be  regarded  as  a  complete  demonstra- 
tion of  the  existence  of  the  ice-sheet.  In  the  map  (Fig.  949)  the 
strong  line  shows  the  extreme  limit  of  the  first  advance,  the  dotted 
lines  the  moraine  formed  by  the  second  advance  of  the  ice-sheet.  In 
its  last  retreat  many  subordinate  moraines  were  left  one  behind 
another.  We  have  represented  mainly  the  most  advanced  or  else  the 
strongest. 

One  can  not  but  be  struck  with  the  great  differences  between  the 
first  and  second  advance  of  the  ice-sheet,  both  as  to  tlie  cluiracter  of 
38 
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the  border  and  the  distinctness  of  tlie  moraine.  The  limit  of  the  first 
advance  is  comparatively  even  and  its  moraine  indisiinct.    The  limit 
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Pio.  949.— Map  showing  the  Extreme  Boundary  of  the  Ice-shoot,  the  Second  Ice-sheet  Moraine,  and 

the  Outlines  of  Lake  Atrassiz. 


of  the  second  advance  is  deeply  lobed  and  its  moraine  very  distinct.  It 
is  probable  that  both  these  pecnliarities  are  dne  to  the  more  active  mo- 
tion of  the  ice  near  the  border  in  the  second  advance.  In  the  first 
advance  the  extreme  limit  was  determined  not  so  much  by  glacial  mo- 
tion as  by  southern  limit  of  perpetual  snow.  The  motion  near  the 
border  was  sluggish  and  the  drift  border  therefore  attenuated.  In  the 
second  advance  the  border  was  reached  wholly  by  onward  glacial  mo- 
tion, which,  of  course,  accumulated  a  distinct  moraine.  The  lobes 
were  in  the  line  of  swiftest  motion. 

Thus  we  have  clear  evidence  of  a  secoiid, glacial  and  an  interglacial 
epoch.    That  this  interglacial  epoch  was  of  considerable  length  is 
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shown  by  the  existence  of  a  forest-bed  between  the  two  glacial  tills 
(Newberry),  and  also  by  deep  erosion-valleys,  formed  in  the  drift  of 
the  first  advance  and  filled  with  drift  of  the  second  advance.  Again, 
since  melting  and  retreat  of  the  ice-sheet  must  produce  flooding,  it  is 
probable  that  there  were  two  flooded  periods.  These  have  doubtless 
been  often  confounded  with  one  another. 

These  two  periods  of  advance  and  retreat  are  almost  certain.  In 
addition  there  seems  to  have  been  many  slighter  advances  and  retreats. 

//.  Champlain  Epoch. 

During  the  Glacial  epoch,  as  just  seen,  the  whole  northern  portion 
of  the  continent  was  elevated  1,000  to  2,000  feet  above  the  present  con- 
dition ;  the  northern  ice-sheet  had  advanced  southward  to  40°  latitude, 
■with  still  farther  southward  projections  favored  by  local  conditions; 
and  an  arctic  rigor  of  climate  prevailed  over  the  United  States  even  to 
the  shores  of  the  Gulf.  At  the  end  of  this  epoch  an  opposite  or  down- 
ward movement  of  land-surface  over  the  same  region,  probably  in- 
creased by  the  weight  of  accumulating  ice,  commenced  and  continued 
until  a  depression  of  500  to  1,000  feet  below  the  present  level  was  at- 
tained. This  downward  movement  marks  the  beginning  of  the  Cham- 
plain  epoch.  As  a  necessary  consequence,  large  portions  of  the  now 
land  were  submerged  ;  it  was  therefore  a  time  of  inland  seas.  Another 
result,  or  at  least  a  concomitant,  was  a  moderation  of  the  climate,  a 
melting  of  the  glaciers,  and  a  final  retreat  of  the  ice-sheet  northward. 
It  was  therefore  a  time  of  flooded  lakes  and  rivers.  Lastly,  over  these 
inland  seas  and  great  lakes  loosened  masses  of  ice  floated  as  icebergs. 
It  was  therefore  pre-eminently  a  time  of  iceberg  action. 

Evidences  of  Subsidence. — The  evidences  of  the  condition  of  things 
described  above  are  found  in  old  sea-margins.,  old  lake-margins,  old 
river-terraces,  and  old  flood-plain  dej)osits. 

1.  Sea-Margins. — Old  sea-margins,  containing  shells  and  other  re- 
mains of  living  species,  are  found  all  along  the  Northern  Atlantic 
coast,  becoming  higher  as  we  pass  northward.  In  Southern  New  Eng- 
land the  highest  beaches  are  40  to  50  feet;  about  Boston  they  are  75 
to  100  feet ;  in  Maine  they  are  200  feet  and  upward  ;  on  the  Gulf  of 
St.  Lawrence  they  are  470  feet;  in  Labrador  1,500  feet  (LTpham).  In 
arctic  regions  they  are  in  some  places  1,000  feet  (Dana).  The  beaches 
may  be  traced  up  both  sides  of  the  St.  Lawrence  Eiver,  and  thence 
around  Lake  Champlain,  where  the  highest  is  500  (Baldwin)  feet  above 
tide-level.  Upon  the  beaches  about  Lake  Champlain  have  been  found 
abundance  of  marine  shells,  and  also  the  skeleton  of  a  stranded  tvhale. 
Evidently  there  was  here  a  great  inland  sea  connected  with  the  ocean 
through  the  Gulf  of  St.  Lawrence;  and  over  this  sea  icebergs  must 
have  floated.    This  condition  of  things  has  given  name  to  the  epoch. 
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In  the  subsequent  re-elevation  of  the  continent,  this  salt  lake  (as  it 
must  have  been  at  first)  was  gradually  rinsed  out  and  freshened  by 
river-water  discharged  through  the  lake  and  into  the  St.  Lawrence 
River,  as  already  explained  on  a  previous  page  (p.  82).  All  the  crust- 
oscillations  characteristic  of  tliis  period  are  detectable,  also  along  the 
South  Atlantic  and  Gulf  coast.  During  the  early  Quaternary  (Glacial 
epoch)  the  continental  elevation  is  shown  by  the  powerful  erosion  of 
the  La  Fayette  formation,  referred  by  McGee  to  the  latest  Pliocene 
and  by  Hilgard  to  the  early  Quaternary.  During  the  period  of  subsi- 
dence, the  coastal  plains  were  again  covered  by  the  sea,  and  the  shore 
was  again  at  the  fall-line.  The  deposits  of  this  time  form  the  Colum- 
bian formation  of  McGee.  Finally,  from  this  subsided  condition  the 
land  rose  to  its  present  level,  forming  a  succession  of  terraces  between 
the  highest,  already  described,  and  the  present  condition. 

2.  Flooded  Lakes. — All  the  lakes  in  the  region  affected  by  the 
Drift  show  unmistakable  evidences  of  a  far  more  extended  and  higher 
condition  of  the  waters  than  now  exists.  About  all  these  lakes  is 
found  a  succession  of  terraces  or  old  lake-margins.  The  highest  of 
these  marks  the  highest  water-level,  and  is  the  oldest ;  the  lower  ones 
mark  successive  steps  in  the  draining  away  or  drying  away  of  the 
waters. 

For  example,  about  Lake  Ontario  successive  margins  are  found  up 
to  500  feet  above  the  present  lake-level ;  about  Lake  Erie  up  to  250 
feet;  about  Lake  Superior,  up  to  602  feet  (Lawson) ;  and  similar  mar- 
gins are  found  about  Lakes  Michigan  and  Huron.  It  seems  not  im- 
probable that  the  retreating  ice-front  acted  as  a  barrier,  against  which 
accumulating  water  formed  one  or  more  enormous  lakes,  over  which 
floated  icebergs  loosened  from  the  Canadian  ice-foot.  These  lakes 
drained  southward  into  the  Ohio  and  Mississippi  until  the  barrier  was 
removed  by  the  final  retreat  of  the  ice-sheet ;  and  then  northeastward, 
as  now,  through  the  St.  Lawrence. 

Lake  Agassiz. — A  great  glacial  lake  in  the  region  of  Lake  Winni- 
peg, probably  formed  in  the  same  way,  was  first  discovered  and  figured 
by  General  (then  Lieutenant)  Warren,  but  recently  traced  out  with  ac- 
curacy by  Upham.  The  retreating  ice-front  acted  as  a  dam,  against 
which  the  waters  of  the  melting  ice-sheet,  together  with  the  natural 
drainage  of  this  regio7i,  accumulated  to  form  a  lake  of  enormous  di- 
mensions— greater  than  all  the  present  Great  Lakes  put  together. 
This  great  glacial  lake  drained  soutliward  through  the  Minnesota  into 
the  Mississippi.  With  the  final  retreat  of  the  ice-sheet,  the  drainage 
was  reversed,  and  its  dwindled  remains — Lake  Winnipeg — drained,  as 
now  northward,  into  Hudson  Bay.  The  outlines  of  this  ancient  lake 
have  been  accurately  mapped  by  means  of  its  still  existing  terraces  and 
it  has  been  named  Lake  Agassiz,  in  honor  of  the  great  champion  of 
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land-ice  as  the  cause  of  the  Drift.  In  map,  Fig.  949,  we  have  given 
the  outlines,  taken  from  Upham,  of  the  southern  portion  of  this  an- 
cient lake.  It  has  been  traced  by  Tyrrell  150  to  170  miles  northward 
in  Canada,*  and  more  recently  its  whole  outline  has  been  mapped  by 
Upham.  f 

Both  the  elevation  of  the  previous  epoch  and  the  subsidence  of  this 
seem  to  have  been  greater  along  the  axis  of  the  continent,  the  valley  of 
the  Mississippi,  than  on  the  coasts.  Hilgard  finds  evidence  in  the 
La  Fayette  deposit,  and  in  the  thickness  of  the  subsequent  Champlain 
deposit,  of  an  elevation  of  450  feet  above  the  present  level,  and  a  de- 
pression of  450  feet  (for  this  is  the  maximum  elevation  of  the  Cham- 
plain  deposit  above  the  same  level),  or  an  oscillation  of  900  feet  in 
Louisiana.  The  submarine  channel  of  the  Mississipjii,  recently  found 
beyond  the  limits  of  the  delta  deposit,  show  an  even  much  higher  ele- 
vation in  the  Gulf  region  (Spencer).  Farther  north  it  is  probably  still 
greater. 

From  this  flooded  condition  the  lakes  drained  away  by  re-elevation 
of  the  land,  leaving  successive  terraces  down  to  their  present  levels. 
The  re-elevation  was  greater  northward  where  the  stibsidence  was 
greatest.  This  is  well  shown  by  the  terraces  of  Lake  Agassiz,  which 
are  not  now  level,  but  rise  toward  the  north. 

3.  River  Terraces  and  Old  Flood-Plain  Deposits.— Nearly  all  the 
rivers  in  the  eastern  portion  of  the  continent,  over  the  Drift  region, 
are  bordered  with  high  terraces,  which  have  been  cut  wholly  out  of 
an  old  flood-plain  deposit  belonging  to  the  Champlain  epoch.  In  fact, 
these  rivers  show  first  an  elevation,  then  a  depression,  and  finally  a 
partial  re-elevation ;  in  other  words,  all  the  oscillations  of  the  Quater- 
nary period  are  recorded  by  them. 

An  examination  of  the  rivers  north  of  the  fortieth  parallel  shows : 
1.  An  old  river-bed  far  deeper  and  broader  than  the  present ;  2.  This 
deep  and  broad  river-bed  is  filled  up,  often  several  hundred  feet  deep, 
hy  old  river-deposit ;  3.  Into  this  old  river-deposit  the  shrunken  stream 
is  again  cutting,  but  is  still  far  above  the  bottom  of  the  old  river-bed. 
This  cutting  into  the  old  river-deposit  produces  bluffs  and  terraces  on 
each  side.  It  is  evident  that  the  great  river-bed  was  gouged  out  during 
late  Tertiary  and  early  Glacial  epochs ;  the  filling  up  took  place  during 
the  Champlain,  and  the  cutting  and  terracing  during  the  re-elevation 
to  the  present  condition.  Some  of  these  old  river-channels,  as,  for  ex- 
ample, that  of  the  St.  Lawrence,  the  Hudson,  and  the  Delaware,  may 
be  traced  far  out  to  sea,  to  the  sunken  borders  of  the  glacial  continent. 

Fig.  950  is  an  ideal  section  across  a  river-bed  in  the  Drift  region, 


*  Bulletin  of  the  Amcriean  Gcolop;ieal  Society,  vol.  i,  p.  401. 
t  Geological  Survey  of  CanaJa,  vol.  iv,  E,  p.  10,  1890. 
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in  whicli  b  b  is  the  old  river-bed,  scooped  out  during  the  epoch  of  ele- 
vation ;  the  dotted  line  represents  tiie  highest  level  to  which  the  old 


Fig.  950. — Ideal  Section  across  a  River-bed  in  Drift  Region:  b  b  b,  old  river-bed;  li,  the  present 
river;  1 1,  upper  or  older  terraces;  t' t',  lower  terraces. 


river-deposit  accumulated,  and  the  shaded  portion  that  part  of  such 
deposit  which  still  remains.  The  upper  terraces,  t  t,  are  of  course  the 
oldest,  the  lower  ones  being  made  as  the  shrunken  stream  cut  deeper 
and  deeper.  ' 

These  phenomena  are  shown  in  all  the  river-beds  of  the  Drift  re- 
gion, but  especially  by  those  of  the  Mississippi  basin.  Sometimes  there 
is  only  one  terrace  or  blufE;  sometimes  there  are  several,  on  each  side. 
The  Connecticut  River  is  a  good  example  of  the  latter,  the  Mississippi 
River  of  the  former. 

The  Connecticut  River  is  bordered  on  each  side  by  a  succession  of 
terraces  rising  one  above  and  beyond  the  other,  composed  wholly  of 
old  river-deposit.  Beyond  this,  of  course,  is  the  country  rock  of  Jura- 
Trias  sandstone,  covered  more  or  less  with  drift. 

The  Mississippi  River  is  bordered  on  each  side  by  its  present  flood- 
plain  deposit,  or  river-swamps.  This,  as  already  said  (p.  25),  extends 
from  the  mouth  of  the  Ohio  River  to  the  head  of  the  delta,  a  distance 
of  500  miles,  and  has  an  average  width  of  thirty  miles.  This,  its  pres- 
.eut  flood-plain  deposit,  is  limited  on  the  eastern  side  by  bluffs  in  some 
places  200  to  400  feet  high,  composed  of  Tertiary  strata,  capped  with 
an  old  river-silt,  or  Loess,  fifty  to  seventy  feet  thick,  and  this,  again, 
covered  by  a  yellow  loam,  which  extends  beyond  the  limits  of  the  Loess. 
A  layer  of  La  Fayette  sand  separates  the  Loess  from  the  Tertiary. 
Patches  of  the  Loess  or  bhcff-deposit  are  found  also  on  the  western  side, 
showing  that  the  old  flood-plain  extended  beyond  the  present  flood- 
plain  on  both  sides ;  but  on  the  west  side  it  has  been  mostly  removed  by 
subsequent  erosion.  Also  similar  deposits,  often  of  great  extent,  form 
banks  on  each  side  of  all  the  great  tributaries  of  the  Mississippi.  Be- 
fieaih  the  2Jresent  river  swamp-deposit  is  founds  by  borings,  a  deposit 
belonging,  like  the  Loess,  to  the  Champlain  epoch,  but  to  an  earlier 
period,  probably  an  estuary  deposit,  and  called  by  Ililgard  Port  Hud- 
son,''' varying  in  thickness  from  thirty  feet  at  Memphis  to  several  hun- 
dred feet  in  the  delta.  Beneath  this  is  first  the  La  Fayette  sand  and 
then  the  Tertiary. 

All  these  facts  are  represented  in  the  ideal  section  of  the  river  and 
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the  strata  in  its  vicinity,  given  below,  constructed  from  the  investiga- 
tions of  Prof.  Hilgard.  It  is  evident  that  a  great  trough  was  hollowed 
out  in  the  Tertiary  strata  during  the  late  Tertiary  and  early  Glacial 


Fig.  951.— Ideal  Section  across  Mississippi  below  Vicksburg  :  OS,  Orange  sand  or  La  Fayette;  PH, 
Port  Hudson,  estnary  deposit.  Champlain;  Is,  Loess  or  old  flood-plain  deposit,  Champlain;  I, 
loam  covering  the  Loess,  but  more  extensive;  rs,  river-swamp  deposit,  modern. 


epoch,  filled  with  deposit  to  the  level  1 1  during  the  Champlain,  and 
again  partly  cut  out  during  the  subsequent  re-elevation. 

The  cause  of  the  flooded  coridition  of  the  rivers  and  lakes  was  partly 
the  depression  of  the  land,  by  which  the  sea  entered  into  the  old  glacial 
beds,  forming  estuaries ;  partly  the  smaller  angle  of  slope  of  the  rivers, 
by  reason  of  which  the  waters  in  their  lower  parts  ran  off  less  rapidly, 
and  therefore  were  more  swollen,  and  therefore  also  deposited  more 
sediment ;  and  partly  the  greater  abundance  of  the  water-supply,  from 
the  melting  of  the  glaciers.  The  mud-supply  also  was  then  very  great, 
as  shown  by  the  immense  deposit,  and  also  by  the  cross-bedding  (p. 
181)  so  common  in  these  deposits. 

During  the  re-elevation  the  rivers  cut  deeper  and  deeper  into  their 
old  flood-plain  deposits,  producing  sometimes  many  smaller  terraces, 
as  in  the  Connecticut,  sometimes  one  large  bluff,  as  in  the  Mississippi. 
As  the  re-elevation  was  not  the  same  in  all  parts  of  the  continent,  but 
greater  northward  and  eastward,  many  rivers,  especially  in  the  southern 
part  of  the  Drift  region,  reversed  their  courses  after  the  withdrawal  of 
the  ice-sheet. 

Origin  of  the  Loess. — Over  large  areas  bordering  the  Mississippi 
and  its  tributaries,  and  forming  the  conspicuous  bluffs  of  these  rivers, 
there  is  found  a  peculiar  deposit  of  very  fine,  even-grained,  and  usually 
unstratified  material,  remarkable  for  forming  by  river-erosion  perpen- 
dicular walls — although  soft  enough  to  be  easily  spaded.  It  is  usually 
destitute  of  organic  remains,  but  when  these  are  found  they  consist 
of  fresh-water  shells,  and  especially  of  land-shells.  When  fresh-water 
shells  are  found,  the  material  is  usually  obscurely  stratified.  Similar 
bluff-materials  are  found  bordering  nearly  all  the  European  rivers,  such 
as  the  Rhine  and  Danube,  and  is  there  called  Loess,  and  referred  to  the 
Champlain  epoch. 

A  somewhat  similar  material,  however,  is  found  also  spread  almost 
evenly  over  wide  areas  in  many  countries,  especially  in  arid  regions, 
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and  having  no  obvious  connection  with  any  rivers.  Such  is  especially 
the  case  in  Northern  China,  where  Riclithofen  finds  it  covering 
thousands  of  square  miles,  and  in  places  one  thousand  or  more  feet 
thick.  Russell  also  finds  a  somewhat  similar  unstratified  deposit  cov- 
ering largo  areas  of  the  Basin  region,  and  sometimes  locally  called 
"  adobe:'' 

There  has  been  much  discussion  about  the  origin  of  these  deposits. 
The  Loess  of  the  Mississippi  and  its  tributaries,  as  also  the  European 
rivers,  was  probably  deposited  in  the  flcoded  lakes  and  in  the  slackened 
waters  of  the  flooded  rivers  of  the  later  Glacial  and  Champlain  epochs. 
It  is  poor  in  fossils,  because  the  waters  were  ice-cold.  It  is  unstratified, 
because  the  waters  were  overloaded  with  the  very  finely  triturated  ma- 
terial left  by  the  retreating  ice-sheet. 

The  Loess  of  Northern  China,  Richthofen  thinks,  is  an  JEolian  de- 
posit— i.  e.,  a  deposit  of  wind-borne  dust  from  the  arid  regions  to  the 
northwest.*  The  unstratified  superficial  soil  of  the  Basin  region,  Rus- 
sell thinks,  is  due  partly  to  wind-borne  dust,  but  mainly  to  rain-wash 
— i.  e.,  to  the  semi-liquid,  ci'eamy  mud  washed  down  the  bare  slopes  by 
heavy  rains ;  for  in  these  arid  regions,  although  rain  is  rare,  it  falls  in 
torrents. f  The  unstratified  soil,  often  called  Loess,  covering  the  hilly 
country  at  the  base  of  the  Alps,  is  attributed  by  Sacco  to  rain-wash  of 
the  bare  soil  recently  left  by  the  retreating  ice.  J 

It  is  probable,  therefore,  that  several  kinds  of  deposit,  having  a 
superficial  resemblance,  have  been  confounded  under  the  common 
term  of  Loess,  and  that  more  observation  is  necessary  to  clear  up  the 
subject. 

Origin  and  History  of  tlie  Great  Lakes.— The  origin  of  these  lake- 
basins  is  still  doubtful.  They  probably  did  not  exist  in  the  Tertiary 
period,  but  in  their  place  was  a  great  depression  draining  northeast- 
ward. During  the  Glacial  epoch  this  depressed  area  was  swept  out  and 
perhaps  deepened  by  the  advancing  ice-sheet.  The  irregular  gouging 
of  the  ice-sheet,  the  irregular  choking  of  the  drainage  area  by  debris 
left  by  its  retreat,  and  especially  the  irregular  warjnng  of  the  earth- 
crust  in  re-elevation,  rising  more  northeastward,  probably  gave  origin 
to  the  lakes.  In  the  early  Champlain,  as  already  said,  they  were  all 
united  into  one  immense  sheet  draining  southward  through  tributaries 
of  the  Ohio  and  Mississippi,  the  natural  drainage  northeastward  being 
prevented  by  the  ice-foot.  Then,  by  the  retreat  of  the  ice  northward 
and  the  accompanying  continental  elevation,  this  one  lake  was  broken 
up  into  several,  which  found  an  outlet  eastward  through  the  Mohawk 


*  American  Journal  of  Science,  vol.  xiv,  p.  487,  1877. 
f  Russell,  Geological  Magazine,  vol.  vi,  p.  289,  1889. 
\  Archives  des  Sciences,  1889,  vol.  xxi,  p.  355. 
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Valley  and  Hudson  Eiver  into  the  Atlantic.  Finally,  by  further  re- 
treat of  the  ice-foot,  they  drained  northeastward,  as  now,  through  the 
St.  Lawrence  Eiver.  At  one  time  during  these  changes  the  three 
upper  lakes  seem  to  have  found  a  separate  outlet  through  the  Ottawa 
into  the  St.  Lawrence. 

History  of  the  Mississippi  River.— It  may  be  interesting  to  stop  a 
moment,  and  trace,  briefly,  the  history  of  this  great  river.  During  the 
Creiaceoics  period,  the  Ohio  probably  ran  into  the  embayment  of  the 
Gulf,  represented  in  Fig.  7G0  (p.  486) ;  but  the  Mississippi  probably  did 
not  yet  exist.  The  drainage  of  all  that  part  of  the  continent  was, 
doubtless,  into  the  great  interior  Cretaceous  sea.  At  the  beginning  of 
the  Tertiary  period,  the  Mississippi  probably  commenced  to  run  into 
the  Tertiary  embayment,  shown  in  Fig.  852  (p.  524).  The  Red  and 
Arkansas,  if  they  then  existed,  were  not  tributaries,  but  separate  rivers, 
emptying  into  the  same  embayment.  The  Ohio  was  almost,  if  not 
quite,  a  separate  river  also.  During  the  early  Glacial  epoch,  the  whole 
embayment  of  the  Gulf  was  abolished  by  elevation.  This  is  clearly 
demonstrated  by  the  torrential  pebble-deposit  (La  Fayette  formation), 
and  by  the  stump-layer  (old  forest-ground),  found  by  Hilgard  beneath 
ing  Port  Hudson  (Champlain)  deposit,  on  the  shores  of  the  Gulf.  Dur- 
the  the  same  epoch,  by  reason  of  this  elevation,  the  great  trough,  repre- 
sented in  Fig.  951,  was  scooped  out  of  the  Tertiary  strata,  200  to  500 
feet  deep,  by  the  erosive  power  of  water,  favored  by  the  greater  slope  of 
the  country  southward  at  that  time,  and  also  by  the  greater  water-sup- 
ply. During  the  Champlain  epoch,  by  subsidence  this  great  trough 
became  an  arm  of  the  Gulf,  or  an  estuary,  fifty  to  one  hundred  miles 
wide,  and  reaching  up  to  the  mouth  of  the  Ohio,  with  extensions  up 
the  tributaries ;  and  this  estuary  became  filled,  200  to  500  feet  deep, 
with  sediments.  This  deposit  was  at  first  estuarian  (Port  Hudson), 
and  afterward  river-silt  (Loess).  At  the  same  time  the  Mississippi  was 
connected  with  the  Great  Lakes,  then  greatly  enlarged,  and  with  Lake 
Winnipeg,  then  also  greatly  enlarged,  as  Lake  Agassiz.  During  the 
re-elevation,  this  silt  was  laid  bare,  and  the  river  commenced  and  con- 
tinued to  cut,  until  the  bluffs  became  200  to  400  feet  high.  Finally, 
during  the  Recent  epoch,  the  river  has  again  commenced  building  up 
by  sedimentation,  showing  thus  a  slight  depression  again,  or  at  least  a 
cessation,  of  the  re-elevation.  This  up-building  by  sedimentation  has 
continued  up  to  the  present  moment,  and  the  deposit  (river-swamp 
and  delta  deposit)  has  reached,  according  to  Hilgard,  a  thickness  of 
fifty  to  a  hundred  feet. 

Quaternary  Period  on  the  Western  Side  of  the  Continent. 
.  All  the  most  characteristic  phenomena  of  this  period,  such  as  old 
sea-marc/ins,  general  glaciation,  flooded  lakes,  and  old  river-beds,  are 
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abundant  and  conspicuous  on  the  western  side  of  the  continent.  As 
it  is  impossible  to  synchronize  perfectly  these  phenomena  with  those 
already  described  on  the  eastern  side,  it  will  be  best  to  take  them  in  the 
order  named  above  and  trace  each  kind  through  the  whole  period. 

1.  Sea. — The  phenomena  along  the  sea-coast  show  both  elevation 
and  depression.  A  more  elevated  condition  than  the  present  is  shown 
by  the  bold,  rocky  coast  and  high  island  standing  a  little  way  off  the 
coast.  The  islands  off  the  coast  of  the  southern  part  of  California,  and 
separated  from  the  mainland  by  the  Santa  Barbara  Channel,  are  evi- 
dently continental  islands.  They  were  undoubtedly  a  part  of  the  con- 
tinent during  the  late  Tertiary  and  early  Quaternary  times,  and  were 
separated  subsequently  by  subsidence.  This  is  clearly  shown  by  their 
flora,*  and  especially  by  the  remains  of  the  Mammoth  on  one  of  them 
— Santa  Rosa.f  Another  very  striking  proof  of  continental  elevation 
is  found  on  this,  as  on  the  Eastern  coast,  in  the  existence  of  deep  sub- 
marine channels  cutting  through  the  submerged  continental  plateau, 
and  evidently  produced  by  subaerial  erosion  during  late  Tertiary  times. 
I  am  indebted  to  Prof.  Davidson  for  facts  concerning  these.  There 
are  about  twenty  of  these  off  the  California  coast,  nine  or  ten  of  which 
are  very  marked.  Commencing  at  Cape  Mendocino,  and  going  south- 
ward, four  very  deep  ones  are  found  in  twenty- five  miles — one,  very 
marked,  in  the  Bay  of  Monterey,  one  in  Carmel  Bay,  one  off  the 
eastern  entrance  of  Santa  Barbara  Channel,  two  in  the  Bay  of  Santa 
Monica,  and  one  oH  the  harbor  of  San  Diego.  These  channels  show  a 
previous  elevation  of  2,500  to  3,000  feet.  But  there  is  one  peculiarity 
of  these  as  compared  with  those  on  the  Eastern  coast,  viz.,  that  they 
do  not,  in  any  evident  way,  correspond  to  the  mouths  of  the  present 
rivers,  but,  on  the  contrary,  often  abut  against  a  bold  coast,  rising  to 
3,000  feet  within  three  miles  of  shore.  The  explanation  of  this  differ- 
ence is  found  in  the  enormous  orographic  changes  which  occurred  on 
this  coast  in  early  Quaternary  times.    Of  this  we  will  speak  again. 

Subsequent  stchsidence  and  partial  re-elevation  are  still  more  clearly  . 
shown  by  raised  sea-margins.  Lawson,  confirming  Davidson,  finds  12 
to  15  terraces  at  San  Pedro  and  up  to  1,200  feet  above  sea-level.  He  has 
also  found  on  the  island  of  San  Clemente  30  successive  terraces  up  to 
1,500  feet  above  sea-level.  Similar  terraces  are  found  also  at  Santa 
Cruz  up  to  1,200  feet,  and  near  Montery  up  to  800  feet.  It  is  doubt- 
ful, however,  whether  these  are  Champlain  or  earlier.  Lawson  thinks 
them  Pliocene.  During  this  period  of  subsidence  (Champlain),  the 
Bay  of  San  Francisco  covered  all  the  flat  lands  about  the  bay,  and  all 


American  Journal  of  Science,  vol.  xxxiv,  p.  467,  1887. 
t  Proceedings  of  the  California  Academy  of  Science,  vol.  v,  p.  152.    The  remains  of 
two  more  elephants  v/cre  found  on  Santa  Kosa,  in  October,  1890,  by  Mr,  C.  D.  Voy. 
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the  valley  continuations  of  the  bay,  north  and  south,  such  as  Sonoma 
and  Napa  Valleys  on  the  north  and  Santa  Clara  Valley  on  the  south. 
Also  the  sea  then  passed  through  the  Strait  of  Carquinez  and  covered 
the  whole  San  Joaquin  and  Sanramento  plains,  forming  a  great  interior 
sea  300  miles  long  and  fifty  miles  wide.  The  margins  of  this  sea  are 
still  visible  in  the  upper  Sacramento  Valley.  At  the  same  time  the 
sea  entered  the  Columbia  River  and  spread  over  the  Willamette  Val- 
ley, forming  a  great  sound,  and  passed  up  to,  and  possibly  beyond, 
the  Cascades.  About  Puget  Sound  similar  evidences  of  former  ex- 
tension are  plain,  especially  at  the  southern  end ;  while  in  British 
Columbia  Dawson  finds  old  sea-margins  up  to  2,000  or  even  3,000 
feet  above  the  present  sea-level.  Since  that  time,  the  coast-line  has 
been  re-elevated  to  its  present  level,  leaving  successive  lower  terraces 
which  are  conspicuous  in  some  places.  Lake  Tulare  is  a  remnant  of 
the  interior  San  Joaquin  Sea,  although  it  was  probably  first  freshened 
by  an  outlet  into  the  San  Joaquin  River,  and  again  salted  by  loss  of 
its  outlet. 

2.  Ice. — We  have  already  (p.  276)  spoken  of  a  great  elevation  of  the 
Sierra  Range,  which  occurred  at  the  beginning  of  the  Quaternary. 
This  mountain-lifting  doubtless  contributed  to  the  development  of  gla- 
cial phenomena  at  this  time,  but  must  not  be  confounded  with  the 
general  continental  elevation  which  took  place  at  the  same  time,  as 
shown  by  the  sea-margin  phenomena. 

During  the  fullness  of  glacial  times — as  shown  by  Dawson  * — a 
continental  ice-sheet  covered  nearly  the  whole  of  British  Columbia, 
Northwest  Territory,  and  Alaska,  connecting  in  high  latitudes  with  the 
Eastern  sheet.  The  center  of  radial  movement  was  a  high  area  ex- 
tending from  55°  to  59°  north  latitude.  From  this  area  the  ice  moved 
southward,  south  westward,  westward,  and  even  northwestward.  South- 
ward it  certainly  reached  beyond  48°.  Westward  it  flowed  over  the 
Coast  Ranges,  filled  the  valleys  (now  submerged)  separating  the  great 
coast  islands  from  the  mainland,  flowed  over  these  islands,  and  ran  into 
the  sea  beyond. 

At  the  same  time  it  is  certain  that  the  Sierra  f  was  completely 
mantled  with  snow;  and  great  glaciers,  some  of  them  forty  to  fifty 
miles  long  filled  all  the  profound  canons  which  trench  its  flanks.  At 
the  same  time  also  there  is  some  evidence  that  even  the  Coast  Ranges, 
favored  by  proximity  to  the  sea,  had  their  perpetual  snow-cap  from 
which  issued  glaciers  filling  the  principal  valleys.| 

*  Geological  Magazine,  vol.  v,  p.  347,  ]  888. 

t  For  a  fuller  account  of  the  glaciers  of  the  Sierra,  and  the  condition  of  things  during 
the  Glacial  epoch,  see  American  Journal  of  Science,  vol.  iii,  p.  325,  and  vol.  x,  p.  26. 

t  Undoubted  marks  of  ancient  glaciers  are  found  about  Berkeley,  300  feet  above  the 
bay. 
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It  is  impossible  to  describe  all  the  great  ancient  glaciers  whose 
tracks  have  been  traced.  They  filled  all  the  larger  caflons,  and  their 
tributaries  all  the  higher  and  smaller  valleys  and  meadows.  Their 
tracks  are  everywhere  marked  by  glaciation  and  strewed  bowlders,  and 
their  terminus  at  different  times  by  a  succession  of  terminal  moraines 
and  lakelets.    We  will  mention  three  or  four  as  examples : 

During  the  epoch  spoken  of,  a  great  glacier,  receiving  tributaries 
from  Mount  Hoffman,  Cathedral  Peaks,  Mount  Lyell,  and  Mount  Clark 
groups  filled  Yosemite  Valley^  and  passed  down  Merced  Cafion.  The 
evidences  are  clear  everywhere,  but  especially  in  the  upper  valleys, 
where  the  ice-action  lingered  longest. 

b.  At  the  same  time  tributaries  from  Mount  Dana,  Mono  Pass,  and 
Mount  Lyell,  met  at  the  Tuolumne  meadows  to  form  an  immense 
glacier,  which,  overflowing  its  bounds  a  little  below  Soda  Springs,  sent 
a  branch  down  the  Tenaya  Caflon  to  join  the  Yosemite  glacier,  while 
the  main  current  flowed  on  down  the  Tuolumne  Canon  and  through 
Hetchhetchy  Valley.  Knobs  of  granite,  500  to  800  feet  high,  standing 
in  its  pathway,  were  enveloped  and  swept  over,  and  are  now  left  round, 
and  polished,  and  scored,  in  the  most  perfect  manner.  This  glacier 
was  at  least  forty  miles  long  and  1,000  feet  thick  at  Soda  Springs,  for  its 
stranded  lateral  moraine  may  be  traced  so  high  along  the  slopes  of  the 
bounding  mountain,  and  2,500  thick  farther  down,  for  it  filled  Hetch- 
hetchy Valley  to  the  brim. 

c.  The  Sierra  Eange  on  its  western  side  slopes  gradually  for  fifty  or 
sixty  miles ;  but  on  the  eastern  side  it  is  very  precipitous,  so  that  the 
plains  5,000  to  7,000  feet  below  the  crest  are  reached  in  four  or  five 
miles.  In  glacial  times  long  and  complicated  glaciers  with  many  tribu- 
taries occupied  the  western  slope,  while  on  the  eastern  slope  innumer- 
able short,  simple  glaciers  flowed  in  parallel  streams  down  the  steep  in- 
cline and  out  for  several  miles  on  the  level  plain,  or  even  into  the  waters 
of  Lake  Mono.  One  of  the  largest  of  these  took  its  rise  in  the  snow- 
fields  about  Mono  Pass,  flowed  down  Bloody  Caiion^  and  six  to  seven 
miles  out  on  the  plain,  and  evidently  into  the  waters  of  Lake  Mono, 
which  was  then  far  more  extensive  and  higher  than  now.  Parallel  mo- 
raines, 300  feet  high,  formed  by  the  dropping  of  glacial  debris  on  each 
side  of  the  icy  tongue,  as  it  ran  out  on  the  plain  or  on  the  bottom  of 
the  shallow  lake,  are  very  conspicuous,  as  are  also  the  successive  ter- 
minal moraines  left  in  the  subsequent  retreat.  Behind  these  moraines 
water  has  accumulated,  forming  lakelets. 

d.  Many  glaciers,  whose  tracks  are  still  easily  traced,  at  that  time, 
ran  down  the  steep  mountain-slope  into  Lake  Tahoe.    The  most  con- 
spicuous of  these  are  three  at  the  southern  end,  which,  issuing  from  as 
many  caflons,  ran  out  on  the  level  plain  three  or  four  miles,  and  into 
the  swollen  waters  of  the  lake  to  form  icebergs.   The  beautiful  lakelets 
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and  the  lake-like  bay  which  form  so  conspicuous  a  feature  of  the 
scenery  of  the  southern  end  of  the  great  lake,  were  partly  scooped  out 
bv  these  steeply  descending  glaciers,  and  partly  dammed  by  the  debris 
left  when  they  retired;  and  the  long,  parallel  ridges  of  earth  and 
bowlders  bordering  the  lakelets  and  stretching  down  to  the  shores  ot 
the  great  lake,  are  lateral  moraines  dropped  on  each  side  as  the  glaciers 
ran  out  into  the  lake  *  (Fig.  952), 

With  the  decline  of  glacial  conditions  all  these  glaciers  of  the  feierra 
retreated,  leaving  very  distinct  terminal  moraines,  where  they  rested 


\ 

f 

> 

1 

Fio  952  —Diagram  of  Moraines  at  rhe  Southern  End  of  Lake  Tahoe  :  o,  Fallen-Leaf  Lake;  6,  Cas- 
cade Lake;  c,  Jimerald  Bay. 

awhile,  behind  which,  drain  age- waters  accumulating,  have  formed  beau- 
tiful little  lakes.  Thus  they  have  gone  backward  and  upward,  until 
they  have  now  mostly  retired  within  the  snow-fields  which  gave  them 
birth.  The  feeble  remains  of  some  may  still  be  found  hidden  away 
among  the  coolest  and  shadiest  hollows  of  the  highest  summits. 

Lakes. — A  period  of  flooded  lakes,  marked  by  successive  terraces 
about  the  present  lakes,  is  well  shown,  especially  in  the  Basin  region. 
The  period  of  the  flooded  lakes  in  this  region  seems  to  have  corre- 


*  American  Journal  of  Science,  vol.  x,  p.  126,  1875. 
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sponded  with  the  Glacial  epoch,  for  the  great  glaciers  ran  into  some  of 
them. 

About  Lake  Mono  there  are  five  or  six  very  distinct  terraces,  the 
highest  being  about  700  feet  above  the  present  water-level.  Evidently 
at  that  time  its  waves  washed  against  the  steep  slope  of  the  Sierra, 
and  many  of  the  glaciers  in  this  region  ran  into  it.  About  Salt  Lake, 
several  terraces  are  very  conspicuous,  the  highest  being  about  1,000  feet 
above  the  present  lake-level.  Traced  out  by  this  highest  level,  the  out- 
line of  the  lake  embraced  an  enormous  area.  Similarly  about  all  the 
saline  lakes  of  the  Nevada  basin  terraces  have  been  traced  up  to  more 
than  600  feet  about  the  present  level.  In  genei'al  terms,  we  may  say 
that  the  Basin  region  at  that  time  was  occupied  by  two  great  lakes : 
the  one  filling  the  Utah  basin,  the  other  the  Nevada  basin,  the  eastern 
shore  of  the  one  washed  against  the  Wahsatch,  the  western  shore  of 


Pig.  953.— Map  of  the  Quaternary  Lakes  Bonneville  (a)  and  Lahontan  (i)  (after  Gilbert  and  Russell). 

the  other  against  the  Sierra.  The  former  has  been  accurately  mapped 
by  Gilbert  and  called  Lake  Bonneville  (Fig.  953  a)— the  latter,  also 
accurately  mapped  by  King  and  Russell,  and  called  Lake  Lahontan 
(Fig.  953  b),  in  honor  of  these  early  explorers.  Lake  Bonneville  when 
at  its  1,000-foot  level,  emptied  northward  into  the  Snake  and  Colum- 
bia Rivers.  It  eroded  its  outlet  down  to  the  600-foot  level  \  there  lost 
its  outlet  and  dried  away  to  its  present  condition.  Lake  Lahontan 
when  at  its  600-foot  level  had  a  complicated,  deeply-dissected  outline, 
with  the  numerous  mountain-ridges  of  the  Basin  region  forming  high 
islands  and  promontories.  So  far  as  known,  it  had  no  outlet.  As  the 
Quaternary  period  passed  away,  these  great  lakes  dried  away  more  and 
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more.  The  residues  of  the  one  are  Great  Salt  Lake,  Utah  Lake,  and 
Sevier  Lake;  of  the  other,  Pyramid,  Winnemucca,  Humboldt,  Carson, 
Walker,  and  Soda  Lakes.  If  in  the  East  the  Quaternary  lakes  mostly 
drained  away,  in  the  West  they  mostly  dried  away  to  their  present 
condition.  The  map  (Fig.  953)  gives  outlines  of  these  two  great  lakes 
and  their  present  residues. 

h\  both  of  these  great  lakes,  according  to  Gilbert  and  Russell,  there 
are  abundant  evidences  of  two  flooded  periods  separated  by  a  period 
of  complete  desiccation.  If  the  flooded  periods  correspond  with  peri- 
ods of  great  development  of  the  ice-sheet,  as  seems  probable,  we  have 
here  also — as  in  the  eastern  part  of  the  continent — two  Glacial  periods 
separated  by  an  interglacial. 

River-Beds. — Old  river-beds  are  found  in  many  countries,  and  es- 
pecially in  the  Drift  region  of  the  eastern  portion  of  our  continent 
(p.  581),  but  those  of  California  are  peculiar.  In  the  East  and  else- 
where, the  Tertiary  river-beds  are  in  the  same  places,  but  below  the 
present  river-beds ;  in  California  they  are  far  above,  and  in  many  cases 


Fig.  954.-Map  of  a  portion  of  the  Region  of  the  Deep  Placers  of  tlic  Yuba  River:  The  black  lava- 
flows;  the  (lotted  spaces,  gravel  (after  Whitney). 

in  different  places— \.  e.,  the  rivers  have  been  displaced  from  their 
former  beds  and  cut  much  deeper.  In  map  (Pig.  954)  we  give  a  por- 
tion of  the  country  about  the  upper  Yuba,  and  Fig.  955  is  an  ideal 
section  across  the  river-beds  along  the  line  N  S,  Fig.  954.    It  is  seen 
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that  there  are  remnants  of  old  lava-Hows  on  the  divides  between  the 
deep  river-cluumels.    Beneath  these  lavas  there  are  river-gravels,  and 


FiQ.  955. — Section  along  the  Line,  north  and  south:  r'  r',  old  river-beds;  r  r,  present  river-beds*  L. 

lava;  si,  slate.  ' 

beneath  these  gravels,  trough-shaped  river-beds  with  their  smoothly 
and  variously  eroded  bed-rock.  The  section  shows,  moreover,  that  the 
present  rivers  have  commenced  their  beds  on  the  old  divides  (shown  by 
dotted  lines),  but  have  citt  much  deeper,  leaving  the  old  beds  high  up 
on  the  present  divides. 

Such  are  the  facts.  The  history  of  the  process  is  briefly  as  follows : 
At  the  end  of  the  Tertiary  there  was  an  outburst  of  lava  near  the  crest 
of  the  Sierras.*  The  lava  flowed  down  the  river-beds,  filled  them  up, 
and  displaced  the  rivers.  These  immediately  commenced  cutting  new 
beds  on  the  old  divides,  because  the  lava  was  thinner  or  absent  there. 
Now,  coincidently  with  the  lava-flow,  there  was  an  elevation  of  the 
Sierra  crest  by  tilting  of  the  Sierra  crust-Uoch  (p.  276),  and  therefore 
increase  of  the  Sierra  slope.  Such  tilting  was  attended  with  enormous 
displacement  or  faulting  on  the  eastern  side,  as  already  explained. 
On  account  of  the  increased  slope,  the  rivers  seeking  their  base-level 
cut  down  far  below  their  previous  level.  This  increase  of  slope  is 
shown,  if  possible,  still  more  plainly,  in  some  of  the  rivers  of  the 
southern  part  of  the  State,  beyond  the  limits  of  the  lava-flow.  Here 
also  the  tilting  and  the  increased  slope  took  place,  but  the  rivers  were 


Fig.  956.— Ideal  Section  across  a  River-bed  in  Southern  California  beyond  the  Region  of  the  Lava- 
flow. 

not  displaced.    They,  therefore,  retained  their  beds,  but  deepened  their 
channels,  leaving  the  old  river-gravels  high  up  on  their  sides  (Fig.  9oG). 
This  elevation  of  the  Sierra  took  place  at  the  end  of  the  Tertiary  or 

*  The  great  lava-flooding  of  the  Tertiary  commenced  probably  at  the  end  of  the  Mio- 
cene, and  continued  through  the  Pliocene.  These  flows,  in  California,  .'<ecm  to  have  been 
the  last. 
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beginning  of  the  Quaternary,  and  doubtless  contributed  greatly  to  the 
severity  of  the  glaciation  in  California,  but  must  not  be  confounded 
with  the  northern  continental  movement,  which  occurred  about  the 
same  time,  and  was  far  more  efficient  in  determining  general  glaciation. 
Coincident  with  the  Sierra  elevation  by  block-tilting,  as  already  ex- 
plained (p.  276),  similar  orogenic  movements  took  place  in  the  Basin 
region.  Thus  it  is  seen  that  the  river-beds  of  California  show,  not  con- 
tinental crust-oscillations  like  those  of  the  East,  but  mountain-making 
by  crust-block-tilting. 

We  have  seen  that  the  submarine  channels  of  the  California  coast 
differ  from  those  of  the  Eastern  coast,  in  that  they  are  not  continuous 
with  the  present  subaerial  river-channels.  We  have  also  just  seen  that 
the  river-beds  of  the  Sierra  differ  from  those  on  the  Eastern  coast,  in 
that  they  have  been  displaced  from  their  old  positions,  and  have  cut 
much  deeper.  Now,  the  reason  of  this  difference  is  probably  the  same 
in  the  two  cases,  viz.,  recent  orogenic  changes.  We  have  seen  that  the 
Sierra  took  its  present  form  and  height  at  the  beginning  of  the  Qua- 
ternary. Great  orogenic  changes  occurred  at  the  same  time  in  the 
Coast  Range  also,  for  its  Pliocene  strata  are  greatly  folded  (Lawson). 
In  both  oases,  too,  the  orogeny  was  attended  with  floods  of  lava. 
Much  of  the  lava,  and  presumably  many  of  the  ridges  of  the  Coast 
Range,  were  formed  at  that  time.  By  these  changes  the  inoutlis  of  the 
rivers  were  changed  from  their  original  places. 

History  of  the  Sierra  Range.— This  range  was  born  out  of  the  ocean 
by  horizontal  crushing  and  bulging,  as  already  explained  (p.  269),  at 
the  end  of  the  Jurassic.  During  the  whole  Cretaceous  and  Tertiary  it 
was  subjected  to  erosion,  until  by  the  end  of  that  time  the  rivers  had 
reached  their  base-levels,  and  the  range  was  reduced  to  very  moderate 
height.  The  crest  was  then  about  the  region  of  the  Yosemite,  for  the 
erosion  into  the  granite  is  deepest  about  that  region.  Then  came,  at 
the  end  of  the  Tertiary  and  beginning  of  the  Quaternary,  the  tilting 
of  the  Sierra  earth-block,  the  formation  of  the  great  fault-cliff,  and  the 
transference  of  the  crest  to  the  extreme  eastern  side ;  tlie  outpouring 
of  the  lava;  the  displacement  of  the  rivers ;  and  the  cutting  of  the  new 
river-beds.  By  this  great  movement,  the  already  old  Sierra  was  re- 
juvenated, and  entered  upon  a  new  cycle  of  changes  by  erosion,  which 
is  still  progressing.  The  sharply  accented,  even  savage  character  of 
the  scenery  of  the  Sierra  is  the  result  of  the  comparative  recency  of 
its  latest  movement. 

The  Quaternary  Period  in  Europe. 

In  Europe  the  phenomena  were  more  irregular,  the  oscillations 
more  numerous,  and  perhaps  more  local,  than  in  America.    This  is  in 
accordance  with  the  general  difference  in  the  geological  history  of  the 
39 
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two  continents.  Nevertheless,  the  general  character  of  the  phenomena 
was  similar  in  the  two  countries. 

1.  Epoch  of  Elevation — Glacial  Epoch.— During  the  Early  Qua- 
ternary the  whole  of  Northern  Europe  seems  to  have  been  elevated 
1,000  to  1,500  feet  and  sheeted  with  ice.  The  continental  margin  was 
considerably  farther  west  than  now.  The  British  Isles  were  then  a 
part  of  the  continent,  there  being  then  no  Baltic  and  North  Sea. 
The  area  of  highest  elevation  and  of  thickest  ice,  and  therefore  of 
radial  movement,  was  the  Scandinavian  Peninsula.  From  this  area 
the  ice  moved  westward  into  the  Atlantic,  as  far  at  least  as  the  line 
of  100  fathoms  (shown  by  the  dotted  line.  Fig.  957) ;  south  westward 
over  the  British  Isles,  southward  over  the  beds  of  the  Baltic  and  North 
Seas  and  into  Northern  Germany  as  far  as  the  frontiers  of  Bohemia ; 


Fig.  957.— Map  of  Europe,  showing  the  limit  of  the  Ice-sheet  and  also  subordinate  Ice-sheets  in 

mountain  regions. 


and  southeastward  and  eastward  over  Russia,  far  beyond  ^loscow,  gla- 
ciating the  whole  surface  in  its  course.  The  southern  boundary  of  the 
ice-sheet  has  been  traced.  It  passed  through  Cornwall,  across  Dover 
Strait,  through  Middle  Germany  and  Southern  Russia  to  the  Ural 
Mountains,  following  nearly  the  50th  parallel  of  latitude.  The  gen- 
eral outline  and  extent  of  the  ice-sheet  in  Europe  during  the  period 
of  its  maximum  is  shown  in  the  map,  Fig.  957. 

At  the  same  time,  the  whole  Alpine  region  of  Middle  Europe,  al- 
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thoucrh  beyond  the  limits  of  the  ice-sheet,  was  mantled  with  snow  to  a 
degree  much  greater  than  at  present,  and  developed  glaciers  on  a  pro- 
diJious  scale.  Some  of  these  have  been  traced  out  with  great  care  and 
skill  Especially  has  this  been  done  for  the  great  Rhdne  glacier  by 
Guyot,  and  more  recently  by  Favre.  At  that  time  a  great  glacier  came 
down  the  valley  of  the  Rh6ne,  emerged  on  the  plains,  and  filled  the 
whole  valley  of  Switzerland,  fifty  miles  wide,  between  the  Alps  and  the 
Jura,  forming  a  great  mer  de  glace  50  miles  wide,  150  miles  long,  and 
4,000  to  5,000*  feet  deep.  A  figure  is  given  below  of  this  great  glacier. 
The  dotted  lines  show  the  direction  of  motion  as  determined  by 
bowlders  left  in  the  valley  or  stranded  high  up  on  the  slopes  of  the 
Jura. 


Pio  958  —Map  showing  the  Outline  and  Course      Fig.  959.— Map  showing  the  Lines  of  Debits  ex- 
of  Flow  of  the  Great  EhSne  Glacier  {after  tending  from  the  Alps  mlo  the  Plains  of  the 

Lyell).  Po  (after  Lyell). 

Lakes  Geneva  and  Neufchdtel  were  filled  and  their  bottoms  scoured 
by  this  great  glacier. 

At  the  same  time,  also,  on  the  southern  slopes  of  the  Alps,  long 
glaciers  stretched  out  on  the  plains  of  Lombardy,  as  shown  by  the  pro- 
digious piles  of  debris  (moraines)  still  left.  Some  of  these  moraines 
are  1,500  feet  high.    Fig.  959  is  a  map  of  these  lines  of  debris. 

Evidences  of  glaciers  of  this  time  are  also  found  in  the  Vosges,  in 
the  Pyrenees,  and  other  high  mountains  of  Central  Europe. 

During  this  time  also  Europe  was  probably  connected  with  Africa 
by  one  or  more  highways,  through  the  Mediterranean  Sea. 

In  Europe,  as  in  America,  there  are  evidences  of  a  temporary  re- 
treat and  readvance  of  the  ice-sheet — i.  e.,  of  two  glacial  and  an  inter- 


*  Archives  dcs  Sciences,  vol.  Iviii,  p.  159,  1877,  and  vol.  iii,  p.  228,  1880. 


596 


CENOZOIC  ERA— AGE  OF  MAMMALS. 


glacial  period.  Some  have  made  many  more ;  but  these  two  seem  well 
made  out. 

2.  Epoch  of  Subsidence— Champlain— Following  the  epoch  of  ele- 
vation was  an  epoch  of  subsidence,  during  which  the  same  regions  which 
were  before  most  elevated  became  now  most  depressed.  It  is  believed 
by  some  that  in  Scotland  the  land  was  2,000  feet  below  the  present 
level.  By  this  depression  a  great  part  of  Northern  Europe  was  sub- 
merged, and  Great  Britain  was  reduced  to  an  archipelago  of  small 
islets.  Over  the  area  thus  submerged  icebergs  loosened  from  the 
Scandinavian  ice-fields  drifted. 

At  the  same  time,  partly  by  subsidence,  and  therefore  slackened 
water-currents,  and  partly  by  moderated  climate  and  melting  of  glaciers, 
there  was  a  flooded  condition  of  rivers  and  lakes  in  Middle  Europe, 
France,  Germany,  and  Switzerland.  At  the  same  time,  also,  the  north- 
ern portion  of  Asia  and  the  lake-region  of  that  continent  were  sub- 
merged. The  Caspian  Sea,  Lake  Aral,  and  other  lakes  in  that  region, 
were  probably  then  united  into  one  great  inland  sea,  connected  either 
with  the  Black  Sea  or  the  then  greatly- extended  Arctic  Ocean,  or  with 
both.* 

Evidences  of  this  condition  of  things  are  found  in  old  sea-margins, 
lake-margins,  river-terraces,  and  flood-plain  deposits. 

The  subsidence  was  followed,  as  in  America,  by  a  re-elevation, 
shown  by  successive  beaches  and  terraces  on  sea-shores,  about  lakes, 
and  along  rivers.  In  some  places,  the  re-elevation  seems  to  have  gone 
beyond  the  present  level,  and  the  British  Isles  for  a  brief  time  were 
again  united  to  the  continent.  Then  the  land  went  down  again  to  its 
present  condition. 

Southern  Hemisphere. 

Similar  phenomena  to  those  described  have  been  observed  also  in 
high  latitude  regions  of  the  Southern  Hemisphere,  i.  e.,  in  the  south- 
ern parts  of  South  America,  Australia,  Africa,  and  New  Zealand.  In- 
deed, the  facts  of  distribution  of  organisms  strongly  suggest  that  in 
glacial  times  (as  also  in  Permian)  Antarctica  was  greatly  elevated,  and 
so  extended  that  it  connected  with  South  America,  South  Africa,  and 
Australia.  This  condition  was  attended  with  glaciation  as  severe  and 
probably  as  extensive  as  that  in  the  Northern  Hemisphere,  but  the 
subsequent  subsidence  was  greater  and  more  permanent,  and  therefore 
much  of  the  glaciated  region  is  now  covered  by  the  sea. 


*  Nature,  vol.  xiii,  p.  74 ;  Natural  History  Magazine,  vol.  xvii,  p.  176 ;  Archives  des 
Sciences,  vol.  liv,  p.  427. 


SOME  GENERAL  RESULTS  OF  GLACIAL  EROSION. 


597 


Some  General  EesuUs  of  Glacial  Erosion. 

1.  Fiords. — We  have  seen  that  the  phenomena  of  rivers,  in  the 
region  aflfected  by  the  Drift,  show  elevation,  then  subsidence,  and  then 
re-elevation  to  a  less  height  than  the  first.  The  first  elevation  is  shown 
in  their  deep,  ancient  beds ;  the  subsidence,  in  the  filling  up  of  these 
with  deposit ;  the  re-elevation,  in  the  cutting  down  into  the  deposit, 
and  forming  terraces.  Now,  all  these  changes  are  also  shown  in  tlie 
phenomena  ot  fiords  (Dana). 

It  will  be  remembered  (p.  38)  that  the  Norway  coast  is  wonderfully 
bold  and  deeply  dissected,  consisting  of  high,  rocky  headlands,  sepa- 
rated by  deep  inlets  running  50  to  100  miles  into  the  country ;  and  off 
shore  there  is  a  line  of  high,  rocky  isles,  evidently  the  remnants  of  an 
old  shore-line.  These  deep  inlets  are  called  in  Norway  i^io?Y?s  ;  and 
the  name  is  now  used  for  all  such  deep  inlets  separating  high  head- 
lands. The  coast  of  Greenland  has  a  precisely  similar  structure.  It, 
also,  consists  of  bold,  rocky  headlands,  separated  by  fiords  running  far 
into  the  country ;  and  ofE  shore  a  line  of  rocky  isles  2,000  feet  high. 
In  Greenland  these  fiords  are  now  occupied  by  glacial  extensions  of  the 
general  ice-mantle  (Fig.  960).  The  same  coast-structure  is  found  on 
the  western  side  of  the  continent  in  high  latitudes.  The  coast  of 
British  America  and  Alaska  is  also  bold  and  deeply  dissected  by 
fiords;  and  in  Alaska  these  fiords  are  now  occupied  by  great  glaciers 
running  down  to  the  sea. 

The  fiords  of  Norway  have  been  attributed  (p.  38)  partly  to  the 
erosive  agency  of  waves  and  tides,  but  it  is  certain  that  they  are  mainly 
due  to  a  partial  subsidence  of  a  bold  coast  deeply  trenched  with  gorges. 
In  a  word,  fiords  are  deeply-eroded  valleys,  which  have  become  half 
suhinei'gecl ;  and,  as  glaciers  are  the  most  powerful  of  erosive  agents  in 
these  regions,  they  are  usually  half-submerged  glacial  valleys.  These 


Fig.  960.— Ideal  Section  through  a  Fiord. 


valleys  can  in  most  cases  be  traced  as  submarine  troughs,  far  out  to  sea. 
In  Greenland,  for  instance,  the  extension  of  these  troughs,  deep  below 
the  present  sea-level  and  far  out  beyond  the  reach  of  the  present  gla- 
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ciers,  shows  a  former  more  elevated  condition  ;  and  terraces  and  recent 
deposits  up  to  500  feet  show  a  subsidence  below,  and  a  re-elevation  to, 
the  present  level. 

All  shores  in  northern  regions  are  bold  and  rocky  and  deeply  dis- 
sected, and  have  rocky  islets  off  shore ;  in  other  words,  are  more  or  less 
affected  with  fiord-structure.  They  have  been  elevated,  eroded,  and 
subsided.  It  is  probable  that  during  the  epoch  of  greatest  elevation  a 
iroad  continental  connection  existed  between  America  and  Asia,  in- 
cluding the  whole  area  between  the  Aleutian  Isles  and  Bering  Strait. 

2.  Glacial  Lakes. — Lakes  are  found  in  nearly  all  countries,  and  are 
doubtless  due  to  many  different  agencies,  but  the  small  lakes,  so  abun- 
dant in  the  region  covered  by  the  ice-sheet  and  by  ancient  glaciers,  are 
undoubtedly  due  to  glacial  agency.  It  is  only  necessary  to  look  at  a 
good  map  of  the  United  States  to  see  at  once  the  great  contrast  in  this 
regard  between  the  Northern  and  Southern  parts.  In  the  single  State 
of  Minnesota  there  are  several  thousand  lakes.  South  of  the  line  of 
the  ice-sheet  there  is  not  one  except  in  Florida,  and  there  due  to  en- 
tirely different  causes. 

Glacial  lakes  are  formed  in  several  ways :  (a)  They  may  be  roch- 
hasins  scooped  out  by  glaciers  where  the  rocks  are  softer  or  else  where 
there  is  a  sudden  change  in  the  slope  of  the  bed  from  a  higher  to  a 
lesser  angle ;  or  [b)  they  may  be  formed  by  the  damming  of  drainage 
waters  behind  terminal  moraines  of  a  retreating  glacier ;  or  (c)  by  the 
disappearance  of  snow  from  old  cirques,  the  fountains  of  ancient 
glaciers.  These  three  kinds  are  very  abundant  in  all  the  highest 
mountains,  such  as  the  Sierra  or  the  Colorado  ;  the  last  among  the 
highest  summits,  the  first  high  up  the  valleys,  and  the  second  a  little 
way  down.  Again  (c?)  along  northern  coasts  elongated  lakes  are 
often  formed  by  the  elevation  of  fiords.  Many  lakes  in  Norway  and 
Scotland  are  formed  in  this  way ;  (e)  lastly,  the  thousands  of  small 
lakes  which  over-sprinkle  the  surface  left  by  the  ice-sheet,  especially 
after  its  second  advance,  are  due  to  irregular  dumping  of  glacial 
debris. 

It  is  necessary  to  remember  that  lakes  are  ephemeral  features  of 
topography.  They  are  inevitably  in  time  either  drained  away  by 
down  cutting  of  their  outlets,  or  else  filled  up  by  sediments  brought 
down  from  above.  This  process  is  especially  rapid  in  mountain- 
regions.  The  little  glacial  lakes  are  rapidly  being  filled  and  converted 
into  marshes  and  meadows.  Everywhere  in  the  Sierra,  the  region  of 
meadows  is  the  region  of  the  old  glaciers.  Lakes,  then — especially 
small  lakes — are  a  feature  of  neio  topography.  The  topography  of  all 
the  Southern  States  is  extremely  old,  while  that  of  the  Northern  States 
has  been  largely  determined  by  the  Drift,  and  is  therefore  very  neio. 
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Life  of  the  Quaternary  Period. 

Plants  and  Invertebrates— Remains  of  the  life  of  the  Quaternary, 
both  animal  and  vegetable,  are  very  numerous,  and  often  very  well  pre- 
served. Both  the  plants  and  the  invertebrate  animals  are  almost 
wholly  identical  with  those  now  living  on  the  earth.  We  will  there- 
fore dismiss  these  with  one  important  remark  :  The  plants  and  the 
marine  shells  show  an  arctic  climate  in  now  temperate  regions.  The 
species  found  are  still  living,  but  living  farther  north.  There  has 
been  a  migration  of  species  northward  since  Glacial  times.  In  Ter- 
tiary times  (p.  526),  we  noted  a  migration  of  forms  southward,  indicat- 
ing a  contrary  change  of  climate  at  that  time. 

Mammals. — But  the  mammalian  fauna  of  the  Quaternary  is  almost 
wholly  peculiar.  It  differs  greatly  from  the  Tertiary  fauna  preceding, 
and  the  present  fauna  succeeding.  The  species  are,  moreover,  very 
numerous,  and  many  of  them  of  extraordinary  size ;  for  it  is  the  culmi- 
nation of  the  mammalian  age.  It  is  necessary,  therefore,  to  describe 
some  of  them,  and  the  conditions  under  which  they  were  preserved, 
and  thus  to  realize  in  some  degree  the  conditions  under  which  they 
lived.  We  will  take  our  first  illustrations  from  Europe,  because  the  re- 
mains are  more  numerous  and  have  been  more  thoroughly  studied  there. 

Mammalian  remains  of  this  time  are  found  in  Europe — 1.  In  cav- 
erns, where  in  great  numbers  they  have  become  entombed;  2.  On 
beaches  and  terraces,  where  their  floating  carcasses  have  become  strand- 
ed ;  3.  In  marshes  and  peat-bogs,  where,  venturing  in  search  of  food, 
they  have  mired  and  perished ;  4.  In  ice-cliffs  and  frozen  soils,  where 
they  have  been  hermetically  sealed  and  preserved  to  the  present  time. 

1.  Bone-Caverns. — The  richest  sources  of  Quaternary  mammalian 
remains  are  undoubtedly  bone-caverns.  These  occur  in  nearly  all 
countries,  often  along  the  course  of  streams,  but  high  above  the  pres- 
ent stream-level.  Their  formation  and  their  filling  are  in  some  way 
connected  with  the  floods  of  the  Interglacial  and  Champlain  epochs. 
They  are  rich  in  organic  remains  to  a  degree  which  is  almost  incredi- 
ble. One  of  the  most  striking  peculiarities  of  these  remains  is,  that 
they  often  consist  of  a  heterogeneous  mixture  of  all  hinds,  carnivorous 
and  herbivorous,  and  all  sizes,  from  the  Elephant  and  Cave-bear  on  the 
one  hand  down  to  Rats  and  Weasels  on  the  other ;  sometimes  perfect, 
more  often  broken,  mingled  with  earth  and  gravel,  forming  unstratified 
lone-rubbish.  Another  peculiarity  of  these  deposits  is  that  they  are 
often  covered  and,  as  it  were,  sealed  by  a  stalagmitic  cl'ust  formed  by 
subsequent  drippings  from  the  roof,  and  thus  preserved  against  even 
the  suspicion  of  disturbance  to  the  present  time.  We  give  (Fig.  961) 
a  section  of  the  cave  of  Gailenreuth,  with  its  bone-rubbish  and  stalag- 
mitic crust. 
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Among  the  remains  of  Herbivores  found  in  bone-caverns,  the  most 
remarkable  are  those  of  the  Elephant,  Rhinoceros,  Hippopotamus,  the 


great  Irish  Elk,  besides  Horses  and  Oxen.  Among  Carnivores  are  the 
Cave-bear  ( Ursus  spelmus),  larger  than  the  Grizzly,  the  Cave-hyena,* 
the  Cave-lion,*  the  Saber-toothed  Tiger  {Machnirodiis  latidetis),  with 


*  These  are  supposed  to  be  the  same  species  as  the  African  lion  and  hyena  of  the 
present  day,  but  much  larger. 
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its  saber-like  tusks,  ten  inclies  long,  besides  smaller  animals  of  the  same 
order.    The  remains  of  the  larger  Carnivora,  especially  the  Cave-bear 


Fig.  9G2.— Skull  of  UrsuB  epelsBUS,  x  J. 


and  the  Cave-hyena,  are  the  most  abundant.  The  iones  of  the  smaller 
Herbivores  bear  the  marks  of  teeth,  as  if  they  had  been  gnawed.  The 
skeletons  of  the  large  Pachyderms  are  usually  more  perfect.  In  the  Kirk- 
dale  Cave,  England,  the  teeth  and  other  parts  of  300  individuals  of  the 
Cave-hyena  were  found.  In  the  Gailenreuth  Cave,  Franconia  (Fig.  961), 
the  remains  of  800  Cave-bears  were  obtained.  In  a  Polish  cave  Romer 
recently  found  the  remains  of  at  least  1,000  Cave-bears,*  and  from  one 
in  Sicily,  twenty  tons  of  hippopotamus-bones  have  been  taken. f  In 


Fig.  963.— Skull  of  Hyenii  spcliea,  x  J. 


many  bone-caves  are  found  also  the  bones  and  rude  implements  of 
primeval  7nan.    Of  these  we  will  speak  more  fully  hereafter. 

Origin  of  Cave  Bone-Rubbisli.— When  it  was  supposed  that  the  Drift 
was  caused  by  a  great  wave  of  translation  sweeping  across  the  conti- 
nent and  carrying  ruin  in  its  course,  the  phenomena  of  bone-caves  were 
supposed  to  give  countenance  to  this  view.    Animals  of  all  sizes  and 


*  Science,  vol.  iii,  p.  490,  1884. 


t  Prestwich,  Geology,  vol.  ii,  p.  COS. 
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kinds  were  supposed  to  have  huddled  together  in  these  caves,  forget- 
ting their  mutual  hostility  in  the  sense  of  a  common  danger,  and  per- 
ished miserably  together  there. 

But  at  present  it  is  usually  believed  :  1.  That  these  caves  were  the 
dens  of  the  larger  Carnivores,  especially  the  Cave-bear  and  Cave-hyena, 
which  dragged  their  prey  there  to  devour  them,  and  also  later  the 
abodes  of  men ;  2.  That  also  the  floating  bodies  of  large  Herbivores, 
such  as  the  Elephant,  Rhinoceros,  etc.,  were  carried  into  them  by  the 
flooded  rivers  which  then  ran  at  that  level ;  and  3.  That  during  the 
Champlain  epoch,  when  water  ran  through  these  caves  in  large  quanti- 
ties, bones  and  earth  were  drifted  in  from  above,  through  fissures  and 
subterranean  passages,  and  thus  found  their  lodgment  in  the  caves. 
This  last  was  probably  the  principal  source  of  the  bone-rubbish  in 
most  cases,  and  it  explains  also  ossiferous  fissures,  which  are  com- 
mon. 

Origin  of  Bone-Caverns. — In  limestone  regions  caverns  are  very 
abundant  everywhere.  They  do  not  seem  to  be  enlarging  now ;  but 
on  the  contrary  to  be  in  most  cases  filling  up  either  with  rubbish  or 
with  stalactitic  and  stalagmitic  deposit.  In  some  cases  streams  still 
run  through  them.  It  seems  probable  that  they  are  mostly  due  to  the 
action  of  subterranean  waters  in  Champlain  times.  At  that  time  full 
streams  ran  through  and  excavated  them,  partly  by  erosion,  partly  by 
solution.  Gradually,  as  the  re-elevation  came  on,  the  great  streams 
into  which  these  cavern  tributaries  ran  cut  down  their  beds  to  lower 
levels,  the  subterranean  waters  sought  lower  levels,  and  the  part  run- 
ning through  the  caverns  was  reduced  to  drippings ;  and  stalagmitic 
crusts  covered  the  Champlain  rubbish  and  preserved  them.  Thus, 
then,  the  date  of  the  caves  is  Champlain ;  of  the  bone-rubbish  is  late 
Champlain ;  of  the  stalagmitic  crust  is  Recent. 

2.  Beaches  and  Terraces. — On  these  are  found  the  remains  of  bodies 
which  have  floated  and  become  stranded.  The  most  abundant  of  these 
are  remains  of  Elephas  primigenius  or  Mammoth.  It  is  believed  that 
the  bones  of  600  individuals  have  been  found  on  the  coast  of  Norfolk 
and  SufEolk,  and  over  2,000  grinders  have  been  dredged  up  by  the  fish- 
ermen of  the  little  village  of  Happesburgh  (Woodward).  On  river-ter- 
races associated  with  bones  of  Quaternary  animals  have  been  found  also 
the  rude  implements  of  primeval  man  already  referred  to. 

3.  Marshes  and  Bogs. — As  might  have  been  anticipated,  the  re- 
mains found  in  these  are  mainly  those  of  the  larger  Herbivores — ele- 
phants, oxen,  stags,  etc.  It  is  in  these  that  were  found  most  of 
the  fine  skeletons  of  the  gigantic  Irish  elk  {Cervus  megaceros). 
This  magnificent  elk  was  ten  to  eleven  feet  in  height  to  the  top  of 
its  palmate  antlers,  and  ten  to  twelve  feet  between  the  antler-tips  (Fig. 
904). 
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Fio.  964  Skeleton  of  the  Irish  Elk  (Cervns  megaceros),  Post-Pliocene,  Britain. 


4.  Frozen  Soils  and  Ice-CMs. — As  in  these  have  been  found  the  most 
perfect  specimens  of  the  Mammoth  [Elephas  priinigennCs),  this  seems 
to  be  the  proper  place  to  describe  the  animal. 

The  genus  Eleplias  ranges  in  time  from  the  early  part  of  the  Plio- 
cene to  the  present.  There  are  about  fifteen  fossil  species  known. 
The  genus  seems  to  have  reached  its  maximum  development  in  the 
Quaternary.  During  that  period  three  species  inhabited  Europe,  viz. : 
E.  antiquits,  E.  meridionalis,  E.  primigenius  (Lyell),  besides  two 
dwarf  species,  E.  Melitensis,  four  and  a  half  feet  high,  and  E.  Fal- 
coneri,  three  feet  high,  found  in  the  Quaternary  of  Malta.  Of  these, 
the  largest,  the  most  numerous,  and  the  latest,  was  the  primigenius  or 
Mammoth.  This  species  roamed  in  immense  herds  all  over  Europe, 
from  the  shores  of  the  Mediterranean  to  Siberia,  and  extended  also  over 
the  northern  portions  of  North  America.  In  Siberia  the  tusks  are  so 
abundant  and  so  well  preserved  that  much  of  the  ivory  of  commerce 
is  got  from  this  source. 

The  Mammoth  (Fig.  965)  was  over  twice  the  bulk  and  weight  of 
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the  largest  modern  species,  aud  nearly  one  third  taller.  It  was  thick- 
ly covered  with  a  brownish  wool,  and  in  parts  with  long  hair;  aud 


Fig.  965. — Skeleton  of  the  Mammoth  (Elephas  priraigenuis).  Portions  of  the  integument  still  adhere 
to  the  head,  and  the  thicli  skin  of  the  soles  is  still  attached  to  the  feet. 


was  therefore  well  adapted  to  endure  cold.  It  may  seem  strange  that 
we  should  speak  of  the  hair  and  wool  and  the  color  of  an  extinct 
animal ;  but  perfectly-preserved  specimens  have  been  found  sealed  in 
the  ice  in  Siberia — so  perfectly  preserved  that,  when  first  exposed, 
wolves  and  dogs  of  the  present  epoch  fed  on  the  flesh  of  this  animal 
belonging  to  an  extinct  fauna.  The  whole  skeleton,  with  portions 
of  the  skin,  hair,  wool,  hoofs,  and  eyes  of  this  animal,  is  now  to  be 
found  in  the  museum  at  St.  Petersburg.  The  existence  of  elephants 
so  far  north  does  not  indicate  a  warm  climate,  although  the  Cham- 
plain  epoch  was  doubtless  far  less  rigorous  than  the  Glacial.  These 
elephants  were  covered  with  thick  wool,  as  was  also  the  European 
rhinoceros  of  that  time. 

Quaternary  Mammalian  Fauna  of  England. — In  England  alone  there 
were,  in  Quaternary  times,  of  Carnivora,  the  great  Cave-bear,  the  Cave- 
hyena,  a  tiger  larger  than  the  Bengal,  the  saber-toothed  tiger,  as  large, 
with  its  flat,  curved  tusks,  eight  inches  beyond  the  gums,  besides  wolves 
and  lesser  Carnivores.  Of  Herbivores,  there  were  the  Mammoth  in 
herds,  two  species  of  rhinoceros,  one  hippopotamus,  the  great  Irisli  elk, 


MAMMALIAN  FAUNA  IN  NORTH  AMERICA. 


605 


three  species  of  oxen,  two  of  them  of  gigantic  size,  besides  horses,  deer, 
and  other  smaller  species.  Surely  this  was  the  culmination  of  the 
Mammalian  age  in  England. 

Mammalian  Fauna  in  North  America. 

The  animals  of  North  America,  in  Quaternary  times,  were  equally 
abundant ;  but  the  country  has  been  less  perfectly  explored,  and  the 
collections,  therefore,  less  complete.  Bone-caverns,  the  richest  sources 
of  European  collections,  are  also  far  more  rare. 

Among  Herbivores,  the  most  remarkable  were  the  great  Mastodon 
{M.  Americanus) ;  two  species  of  elephants,  the  E.  Americanus  and  the 
E.  primigenius  ;  at  least  two  gigantic  bisons,  one  of  which  was  prob- 
ably ten  feet  between  tlie  horn-tips ;  *  gigantic  horses ;  gigantic  rodents 
allied  to  the  beaver,  one  as  big  as  a  bear ;  a  gigantic  stag  ( Cervus 
Americanus),  fully  as  large  as  the  Irish  elk  ;  tapirs,  peccaries,  and 
a  large  number  of  Edentates,  an  order  now  mostly  confined  to  South 
America,  to  which  belong  the  sloths  and  armadillos.  Many  of  these 
were  also  of  gigantic  size.  Carnivores  were  not  so  abundant  as  in 
Europe.  The  most  remarkable  were  a  lion  {Felis  atrox),  as  large 
as  the  European,  and  two  species  of  bear  ( Ursus  pristinus  and  am- 
plidens). 

We  have  already  seen  (page  558)  that  the  Equidse  originated  on  this 
continent  and  migrated  to  Eurasia.  They  continued  in  great  numbers 
throughout  the  Tertiary,  and  apparently  culminated  in  the  early 
Quaternary  (Equus  beds).  They  soon  after  became  extinct  in  America 
and  have  been  reintroduced  only  in  historic  times  by  man. 

Bone-Caves. — Caves  are  found  in  limestone  regions  in  America  as 
elsewhere,  but  they  do  not  seem  to  have  been  to  the  same  extent  the 
dens  of  Carnivores.  In  a  vertical  opening  in  limestone  strata  in  Penn- 
sylvania, a  kind  of  cave,  mammalian  remains  have  been  found  belong- 
ing to  thirty-four  species,  among  which  were  six  Edentates,  eight  Un- 
gulates, and  twelve  Rodents.  A  number  have  also  been  found  in  the 
caves  of  Virginia,  and  a  few  in  those  of  Illinois  (Cope). 

Marshes  and  Bogs. — Most  of  the  remains  of  large  Herbivores  have 
been  found  in  marshes  and  bogs.  In  the  Big  Bone  Lick,  Kentucky, 
the  remains  of  one  hundred  mastodons  and  twenty  elephants  are  said 
to  have  been  dug  up.  Many  very  perfect  skeletons  of  the  great  masto- 
don have  been  obtained  from  marshes  in  New  York,  New  Jersey,  In- 
diana, and  Missouri.  One  magnificent  specimen  was  found  in  a  marsh 
near  Newburg,  New  York,  with  its  legs  bent  under  the  body  and  the 


*  A  specimen  of  Bos  lalifrom  has  been  found  in  Ohio,  the  horn-cores  of  which  were 
twenty  inches  around  the  base  and  more  than  seven  feet  between  the  points.  Between 
the  horn-tips  must  have  been  at  least  ten  feet. 
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head  thrown  up,  evidently  in  the  very  position  in  which  it  mired.  The 
teeth  were  still  filled  with  the  half-chewed  remnants  of  its  food,  which 
consisted  of  twigs  of  spruce,  fir,  and  other  trees;  and  within  the  ribs. 


Fig.  966.— Mastodon  Amciicaiius,  x      (after  Marsh). 


in  the  place  where  the  stomach  had  been,  a  large  quantity  of  similar 
material  was  found.  In  1S66  a  very  perfect  skeleton  was  found  in  a 
bog  at  Cohoes,  New  York.    Many  others  have  been  found. 

The  Mastodon  Americanus  (Fig. 
966)  is  probably  the  largest  land-mam- 
mal known,  unless  we  except  the 
Dinotherium  (Gaudry).  It  was  twelve 
to  thirteen  feet  high,  and,  including 


Fio.  907. — Tooth  of  Mastodon  Americanus. 


Fig.  9G8.— Perfect  Tooth  of  an  Elcnhas, 
found  in  Stanislaus  County,  Califor- 
nia, I  natural  size. 


the  tusks,  twenty-four  to  twenty-five  feet  long.  It  differed  from  tlie 
elephant  chiefly  in  the  character  of  its  teeth.  The  difference  is  seen 
in  Figs.  967,  968,  969.  The  elephant's  tooth,  given  in  Fig.  968,  is 
sixteen  inches  long,  and  the  grinding  surface  eight  inches  by  four 
inches. 

The  two  genera  of  Proboscidians,  Mastodon  and  ElepJios,  appeared 
successively,  the  one  in  the  later  Miocene,  the  other  in  early  Pliocene, 
and  ranged  together  through  the  rest  of  the  Tertiary,  the  species,  of 
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course,  changing  several  times.  At  the  end  of  the  Tertiary,  the  mas- 
todon became  extinct  on  the  Eastern  Continent,  but  continued  through 
the  Quaternary,  with  its  companion,  the  elephant,  in  America.  At  the 
end  of  the  Quaternary,  the  mastodon  became  extinct  wholly,  and  the 
elephant  in  America 


and  Europe,  though 
it  still  continues  in 
Asia  and  Africa. 
During  the  Quater- 
nary, therefore,  one 
species  of  mastodon 
and  two  species  of 
elephant  roamed  in 
herds  over  North 
America  from  the 
Gulf  to  arctic  re- 
gions. Of  the  two 
species  of  elephant, 
however,  the  primi- 
genius  was  mostly 
confined  to  the  higher 
latitudes,  and  the  Americanus  to  the  southern  portions.  The  latter  is 
distinguished  from  the  former  by  less  crowded  enamel  plates  in  the 
grinders  and  less  curved  tusks.  According  to  Cope,  about  fifty  species 
of  Proboscidians  are  known.  Of  these  five  are  Dinotheres,  twenty- 
five  Mastodons,  six  Elephants,  and  five  of  uncertain  place. 

Genesis  of  Prohoscidians. — The  origin  of  this  remarkable  order  is 
obscure.  It  probably  branched  off  in  early  Tertiary  from  some  gener- 
alized form,  like  Coryphodon  or  perhaps  Pyrothere,  but  was  not  well 
declared  until  the  Miocene.  It  is  well  to  observe,  however,  that  of 
the  three  known  genera  the  order  of  introduction  was:  1.  Dinothere; 
2.  Mastodon ;  3.  Elephas.  Now  this  is  also  the  order  of  increasing 
specialization,  especially  in  complexity  of  the  structure  of  the  molars, 


FiQ.  969.— Molar  Tooth  of  Mammoth  (Elephas  primigenins):  a, 
grinding  surface;  b,  side  view,  showing  the  roots  (after  Lyell). 
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EOCENE  MIOCEISI  E  P  I.  I  O  C  E  N  E         QUATERNARY-  PRESENT 

Fig.  970.— Diagram  showing  Distribution  in  Time  of  Proboscidians. 

and  in  the  size  and  complexity  of  the  brain.  The  order  of  appearance 
and  of  extinction  of  these  three  forms  are  shown  in  diagram  (Fig. 
970). 

Among  Edentates,  a  Megatherium,  a  Megalonyx,  and  several 
Mylodons  have  been  found  in  North  America;  but,  as  their  prin- 
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cipal  home  was  in  Sontli  America,  we  will  describe  tiiem  under  that 
head. 

River-Gravels. — In  many  portions  of  the  United  States,  but  espe- 
cially in  California,  remains  of  mastodon  and  elephant,  and  bison,  etc., 
are  found  in  great  numbers  in  river-gravels.  The  river-gravels  of  Cali- 
fornia are  spoken  of  again  further  ou. 

Quaternary  in  South  America. — A  large  number  (235)  of  species  of 
mammals  have  been  found  in  the  soil  of  the  pampas  and  in  the  caves 
of  Brazil,  far  more  than  live  there  at  present  (Zittell).  They  are  mas- 
todons (different  species  from  the  North  American),  llamas,  horses, 
tapirs,  rodents,  many  species  of  panther-like  carnivores,  large  saber- 
toothed  tigers  {Machairodtis  neogmus  and  necator),  with  curved,  saber- 
like tusks  twelve  inches  long  and  eight  inches  beyond  the  gums  (Fig. 
971),  and  especially  a  large  number  of  Edentates  allied  to  the  sloths 
and  armadillos,  but  of  gigantic  size. 

Of  the  Edentates,  the  most  remarkable,  in  fact,  one  of  the  most 
remarkable  animals  which  have  ever  existed,  is  the  Megatherium  (great 
beast)  Giivieri.  The  genus  Megatherium  ranged  in  Quatei'nary  times 
through  South  America,  and  into  North  America,  as  far  as  the  shores 
of  Georgia  and  South  Carolina.  At  the  mouth  of  the  Savannah  River 
the  remains  of  several  individuals  of  a  species  of  this  genus  {M.  mira- 
iilis)  have  been  found.  But  the  largest  species  and  the  most  perfect 
specimens  have  been  found  in  South  America. 

The  Megatherium  Ouvieri,  of  which  we  give  a  figure  (Fig.  973),  was 
larger  than  a  rhinoceros,  but  was  still  more  remarkable  for  the  clumsy 


Pig.  972.— Megatherium  Cnvieri. 


massiveness  of  its  skeleton  than  for  its  size.  This  is  especially  true  of 
its  hind-legs,  hip-bones,  and  tail.  For  this  reason,  it  is  supposed  to 
have  been  able  to  stand  on  its  hind-legs  and  tail,  while  it  used  its  long 
free-moving  arms,  terminated  with  hands  a  yard  long,  to  tear  down 
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branches  on  which  it  fed.  The  groat  skeleton  represented  above  is 
eighteen  feet  long,  and  its  thigh-bones  are  three  times  as  thick  as  those 
of  an  elephant.    The  grinding  surface  of  its  molar  teeth  (it  had  no 


Fio.  973.— Lower  Jaw  of  a  Megatherium,  showing  the  Gradual  Surface  of  the  Teeth  (after  Owen). 

others)  is  traversed  by  triangular  ridges  admirably  adapted  to  triturate 
its  coarse  food. 

Megalonyx  (big  claw)  (Fig.  974)  is  the  name  of  another  genus  of 
these  gigantic  sloths,  and  Mylodon  of  a  third.  Both  of  these  genera 
extended  into  North  America.    In  fact,  the  Megalonyx  was  first  dis- 


FiG.  974. — Claw-Core  of  a  Megalouys,  x  J  (drawn  from  a  cast  of  the  original). 


Fio.  975.— Scelcdotlierium  leptocephalus,  x  A  (after  Boule). 
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covered  in  Greenbrier  County,  Virgiuiii,  and  named  Mcgalonyx  by 
Tliomas  Jefferson.    Tiie  larger  species  of  Mylodon  and  Megalonyx 


FiQ.  976.— Skeleton  of  Glyptodon  clavipes,  x  ^,  Quaternary,  South  America. 

were  about  tbe  size  of  a  buffalo,  or  larger,  and  Scelidothere  (Fig.  975) 
still  larger.  These  gigantic  animals,  though  allied  to  sloths,  were  of 
coui'se  not  tree-climbers  like  modern 
sloths.  They  have  been  well  called 
Ground  Sloths. 

Of  the  Armadillos  or  mailed  Eden- 
tates, there  were  several  of  gigantic  size 
belonging  to  the  genera  Olyptodon, 
Villainy dotlierium,  and  Fachytherium. 
The  accompanving:  cut  represents  one  ^'o-  977.— suuii  of  Piprotodon  Australia, 

.  \  °  y  .  X  ^,  Post-Phocene,  Australia. 

of  these  eight  feet  long,  with  an  invul- 
nerable coat  of  mail.    Some  species  of  the  genus  Chlamydotherixim 
were  much  larger — one  as  big  as  a  rhinoceros,  and  of  Pachytherium  as 
big  as  an  ox  (Dana). 


Fio.  978.— Thylacoleo,  Skull  reduced  (after  Flower). 
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Australia. — In  Australian  caves,  also,  great  abundance  of  remains 
has  been  found,  and  they  show  the  same  prevalence  of  gigantic  spe- 
cies. As  now,  so  then,  the  mammals  of  Australia  were  almost  all  Mar- 
supials, but  the  present  species  are  dwarfs  in  comparison.  The  largest 
of  these  was  the  Dijjrotodon  (two  front  teeth),  a  pachydermoid  kanga- 
roo as  big  as  a  rhinoceros.  A  reduced  figure  of  the  skull,  which  was 
three  feet  long,  is  given  herewith. 

Among  other  remarkable  species  of  marsupials  were  Macropus 
(kangaroo)  Titan  and  M.  Atlas,  of  great  size;  Nototherium  Mitchelli, 
as  large  as  a  bullock,  and  a  very  remarkable  species,  supposed,  by  Owen  to 
have  been  carnivorous,  and  therefore  called  Thylacoleo  (pouched  lion) 
carnifex,  as  large  as  a  lion.  The  striking  peculiarity  of  this  animal 
was  the  existence  of  a  broad  trenchant  premolar,  as  shown  in  Fig.  978. 

Geographical  Faunas  of  Quaternary  Times. — We  observe,  then,  that 
already  the  geographical  distribution  of  families  was  similar  to  that 
which  we  find  at  present.  Then,  as  now,  Herbivores  greatly  predomi- 
nated in  America,  while  Carnivores  were  very  abundant,  and  of  great 
size,  in  the  Eastern  Continent.  Then,  as  now,  sloths  and  armadillos 
and  llamas  characterized  the  fauna  of  South  America,  while  Marsupials 
characterized  that  of  Australia.  But  in  each  locality  the  animal  life 
seems  to  have  been  then  more  abundant,  and  the  species  gigantic. 
According  to  Zittell,  there  were  three  great  centers  of  origin  and  dis- 
persion of  the  present  mammalian  species — viz.,  Australia,  South 
America,  and  ArctogcBa  or  Holarctica — i.  e.,  North  America  and  Eura- 
sia north  of  Sahara  and  the  Himalayas. 

So7ne  General  Observations  on  the  Wliole  Quaternary. 

1.  Cause  of  the  Climate. — This  is  confessedly  one  of  the  most  diffi- 
cult questions  in  geology.  There  seems  to  be  no  doubt  that  during 
the  Quaternary  there  were  wide-spread  oscillations  of  the  earth's  crust 
in  high-latitude  regions,  and  a  general  coincidence  of  climatic  changes 
with  these  oscillations.  Furthermore,  there  is  little  doubt  that  the  cold 
and  the  ice-accumulation  were  attended  with  northern  elevation,  and 
the  moderation  of  temperature  and  melting  of  the  ice,  with  subsidence 
in  the  same  region.  But  there  are  some  reasons  for  thinking  that  the 
coincidence  of  the  climatic  changes  with  the  crust-oscillations  was  not 
exact ;  that  in  many  places,  at  least,  the  maximum  of  ice-accumulation 
was  associated  with  subsidence.  On  this  point  there  has  been  much 
confusion  and  difference  of  opinion.  It  seems  to  ns  that  the  differ- 
ences may  be  reconciled  and  the  facts  well  explained  by  supposing  that 
northern  elevation  produced  ice-accumulation;  ice-accumulation  by 
weight  produced  subsidence ;  subsidence  produced  moderation  of  tem- 
perature and  melting  of  ice,  and  this  last  by  lightening  of  load  pro- 
duced re-elevation.    But  (and  this  is  the  important  point)  the  effects 
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in  each  case  lagged  greatly  ieJiind  the  cause.  This  is  well  known  to  be 
true  in  all  cases  of  accumulated  ejlects,  but  in  this  case  the  lagging  is 
great.    On  this  view  the  accompanying  diagram  (Fig.  979)  graphically 


Fia.  979.— Diagram  showing  the  Relation  of  Land  Elevation  and  Ice  Accnmulation.   The  line  a  b, 
course  of  time,  and  also  the  present  condition  as  to  elevation  and  ice. 

represents  the  facts.*  It  is  seen  that,  at  the  time  of  maximum  ice,  the 
subsidence  had  already  commenced.  To  this  lagging  of  elfects,  on  ac- 
count of  their  self-perpetuation  and  consequent  accumulation,  must  be 
added  another  cause  of  apparent  subsidence,  viz.,  the  gravitative  at- 
traction of  the  ice-sheet  on  the  sea,  drawing  it  northward  and  raising 
its  level. 

As  to  the  cause  of  the  cold,  it  is  certain  that  northern  elevation 
would  produce  cold,  and  depression  a  moderation  of  temperature  in  the 
regions  thus  affected.  It  is  possible,  also,  that  in  the  case  of  North 
America  and  Europe  the  chilling  effect  of  elevation  was  greatly  in- 
creased by  coincident  and  probably  correlative  subsidence  of  Central 
A?nerica,  hy  which  the  Gulf  Stream  was  diver-ted  across  the  Isthmus 
into  the  Pacific,  thereby  depriving  the  North  Atlantic  of  the  warm- 
ing influence  of  this  stream ;  or  else  the  broad  connection  of  North 
America  and  Europe  in  high  latitude  regions,  by  limitation  of  the 
northward  extension  of  the  Gulf  Stream,  as  suggested  by  Dana,  would 
still  further  chill  the  northern  land  of  both  continents,  and  at  the  same 
time  furnish  abundant  vapors  to  be  carried  northiuard  and  condensed 
as  S710W.  It  is  safe  to  conclude,  therefore,  that  these  geographical 
changes  were  certainly  one  cause  and  probably  the  main  cause  of  the 
rigorous  climate  of  high  latitude  regions  in  America  and  Europe. 
Thus,  when  we  remember  (1)  the  tendency  of  cold  to  perpetuate  itself 
by  ice-accumulation,  (2)  the  influence  of  the  Gulf  Stream  already  ex- 
plained, (3)  that  the  degree  of  cold  necessary  is  not  so  excessive  as 
many  suppose,  8°  to  10°  additional  being  quite  sufficient,  and  (4)  that 
the  antarctic  ice-sheet  is  now  probably  as  large  and  as  thick  as  the 
northern  ice-sheet  of  glacial  times,  geographic  causes  alone  will  seem 
quite  sufficient.  Meanwhile,  we  may  imagine  that  other  regions,  espe- 
cially tropical  regions,  were  as  warm  as  now. 

But  admitting  that  increase  in  the  area  and  height  of  polar  lands 
would  increase  the  rigor  of  the  climate,  and  decrease  of  area  and  height 
of  polar  lands  would  moderate  the  climate  of  northern  regions,  and 


*  Bull.  Geol.  Soc.  of  Am.,  vol.  ii,  p.  329,  1891. 
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that  the  amount  of  this  effect  it  is  difficult  to  estimate — yet  the  effect 
was  so  euormous  and  so  wide-spread  that  the  cause,  even  when  sup- 
plemented by  changes  in  the  course  of  oceanic  currents  such  as  the 
Gulf  Stream,  has  seemed  to  most  physicists  and  geologists  to  be  in- 
S7ifficient.  They  have  cast  about,  tlierefore,  for  some  other  possible 
cause,  external  to  the  earth  itself — i.  e.,  cosmical  cause — to  explain  it. 

CroU's  Theory. — Nearly  all  theories  of  this  kind  are  open  to  the 
fatal  objection  that  they  attempt  to  account  only  for  the  cold,  while 
heat  is  just  as  necessary  as  cold.  As,  in  a  distilling  apparatus,  a  boiler 
is  the  necessary  complement  of  a  condenser,  so  for  a  Glacial  epoch  ex- 
cessive evaporation  by  heat  is  the  necessary  condition  of  excessive  con- 
densation of  snow  by  cold.  What  we  want,  therefore,  is  great  difference 
of  temjJerature  between  summer  and  winter,  and  between  equator  and 
poles.  The  only  theory  which  meets  this  objection,  and  which  is  there- 
fore entitled  to  serious  attention,  is  that  of  Mr.  Croll  (embraced  also  by 
Geikie  and  many  other  English  geologists),  which  attributes  it  to  the 
coinbmed  influence  of  precession  of  the  equinoxes  and  secular  changes  in 
the  eccentricity  of  the  earths  orhit.  By  the  former — precession — 
winter,  which  in  the  northern  hemisphere  occurs  now  when  the  earth 
is  nearest  the  sun  (perihelion),  is  gradually  in  10,500  years  brought 
round  so  as  to  occur  when  the  earth  is  farthest  off  from  the  sun  (aphe- 
lion). The  effect  of  this,  it  is  claimed,  would  be  to  make  longer  and 
colder  winters,  and  shorter  but  hotter  summers  in  the  northern  hemi- 
sphere, such  as  occur  now  in  antarctic  regions.  By  the  latter — viz., 
increasing  eccentricity  (which  forms  a  much  longer  cycle) — these 
effects,  which  are  now  small  on  account  of  the  nearly  circular  form  of 
the  earth's  orbit,  would  become  very  great.  At  the  time  of  greatest 
eccentricity,  the  earth  would  be  14,000,000  miles  farther  off  from  the 
sun  in  winter  than  in  summer,  the  winters  would  be  twenty-two  days 
longer  and  20°  colder,  and  the  summers  twenty-two  days  shorter,  but 
much  hotter  than  now. 

Fig.  980  is  a  diagram  representing  tVie  effect  of  precession.  In  A 
we  have  the  condition  as  it  now  exists — i.  e.,  the  north  pole,  N  P,  is 
turned  away  from  the  sun,  iS' (winter),  at  perihelion,  and  toward  the 
sun  (summer)  at  aphelion.  But  the  earth,  rotating  on  its  axis  like 
a  spinning-top,  does  not  maintain  the  same  position  of  its  axis — does 
not  sleep  in  its  spinning— but  wabbles  on  its  center,  the  ends  of  the 
axis  describing  a  small  circle  (as  shown  by  the  dotted  line)  in  21,000 
years.*  In  10,500  years,  therefore,  the  axis  will  be  tilted  the  other 
way,  so  that  B  represents  the  condition  of  things  at  that  time.  It  is 
seen  that  winter  (north  pole  turned  away  from  the  sun)  will  be  in 


*  The  cycle  of  precession  is  26,000  years,  but  the  advance  movement  of  the  major 
axis  of  the  orbit  malfcs  the  cycle  of  aphelion  winter  21,000  years. 
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aphelion,  and  summer  (north  pole  turned  toward  the  sun)  in  peri- 
helion.   Now,  according  to  Croll,  the  coincidence  of  aphelion  winter, 


A 


Fig.  980.— Diagram  showing  effect  of  Precession:  A,  condition  of  things  now;  B.  as  it  will  be  10,500 
years  heuce.   The  eccentricity  is  of  course  greatly  exaggerated. 

with  a  period  of  greatest  eccentricity,  produces  a  glacial  climate.  The 
cycle  of  aphelion  winter,  as  already  said,  is  21,000  years,  that  of  great- 
est eccentricity  is  much  longer  and  far  less  regular. 

Again,  these  effects,  Croll  thinks,  would  be  still  further  increased 
by  changes  in  the  direction  of  oceanic  currents.  During  aphelion 
winter  in  the  northern  hemisphere  the  equator  of  heat  would  be  south 
of  the  geographical  equator  instead  of  north  of  it,  as  at  present.  The 
equatorial  current  of  the  Atlantic  (p.  40),  instead  of  turning  north- 
ward to  form  the  Gulf  Stream,  would  be  turned  southward  by  the 
wedge-shaped  eastern  point  of  South  America,  and  the  northern 
hemisphere  would  be  still  further  chilled  by  the  withdrawal  of  this 
great  moderator  of  northern  climates.  Finally,  to  all  these  effects 
must  now  be  added  the  important  effect  of  the  extreme  range  of  tem- 
perature during  an  aphelion-winter  period,  especially  at  a  time  of 
maximum  eccentricity.  McGee  *  has  shown  that  the  effect  of  in- 
creased range  is  to  diminish  the  mean  temperature ;  while  Hill  f  has 
shown  that  it  increases  the  meati  evaporation,  and  therefore  the  mean 
precipitation,  as  snow. 

If  this  theory  be  true,  one  corollary  is  the  recurrence  of  Glacial 
epochs  many  times  in  the  history  of  the  earth.  Another,  according 
to  Croll,  is  the  alternation  of  colder  and  warmer  periods  many  times 


*  American  Journal,  vol.  xxii,  p.  487,  1881. 
t  Geological  Magazine,  vol.  viii,  p.  481,  1881. 
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during  every  period  of  greatest  eccentricity,  and  a  similar  alternation 
of  eacli  between  the  two  poles,  so  that  the  cold  period  at  one  pole  cor- 
responds with  the  warm  period  at  the  other.  Of  alternations  of  colder 
and  warmer  periods  during  the  Glacial  epoch  there  are  many  evidences 
both  in  Europe  and  America,  but  there  is  no  evidence  that  these  were 
so  numerous  (seven  or  eight)  as  the  theory  requires.  Of  the  recurrence 
of  many  Glacial  epochs  in  the  history  of  the  earth  there  is  as  yet  no 
reliable  evidence,  but  much  evidence  to  the  contrary.  It  is  true  that 
what  seem  to  be  Glacial  drifts  with  scored  bowlders,  etc.,  have  been 
found  on  several  geological  horizons,  but  these  are  usually  in  the  vicin- 
ity of  lofty  mountains,  and  are  probably,  therefore,  evidences  of  local 
glaciation,  not  of  a  Glacial  epoch.  On  the  other  hand,  all  the  evidence 
derived  from  fossils  plainly  indicates  warm  climates  even  in  polar  re- 
gions during  all  geological  periods  until  the  Quaternary.  The  evi- 
dence at  present,  therefore,  is  overwhelmingly  in  favor  of  the  unique- 
ness of  the  Glacial  epoch,  unless  the  Permian  be  an  exception.  This 
fact  is  the  great  objection  to  Croll's  theory. 

Mr.  Wallace  has  attempted  to  remove  this  objection  by  modifying 
Croll's  theory.  He  substantially  accepts  Croll's  view,  but  thinks  that 
astronomical  changes  alone  will  not  produce  a  Glacial  epoch,  but  must 
be  coincident  with  geographical  changes  favoring  the  same  result.  He 
maintains  that,  until  the  Quaternary,  geographical  conditions  favored 
warm,  uniform  climates,  especially  by  several  open  current-ways  froni 
tropical  to  polar  seas,  notably  one  from  the  Indian  Ocean  through 
Western  Asia;  and  that  at  the  beginning  of  the  Quaternary  these 
warm  currents  were  cut  off  by  northern  elevation,  which  we  know 
occurred  at  this  time,  while  the  elevation  itself  would  tend  still  further 
to  increase  the  cold.  The  Glacial  epoch  was  therefore  the  result  of 
several  causes,  astronomical  and  geographical,  viz.,  aphelion  winter, 
maximum  eccentricity,  and  northern  elevation.  On  this  view  it  is  easy 
to  see  why  there  should  have  been  but  one  Glacial  epoch. 

Furthermore,  Mr.  Wallace  thinks  that,  during  a  period  of  maxi- 
mum eccentricity,  the  great  accumulation  of  ice,  once  effected,  would 
tend  to  self-perpetuation,  i.  e.,  would  conserve  the  cold  and  tide  over 
the  shorter  precessional  cycles,  so  that  these  would  have  but  little 
effect,  and  hence  there  would  not  be,  and  in  fact  were  not,  seven  or 
eight  alternations  of  cold  and  hot  periods  during  the  Glacial  epoch,  as 
Croll  thinks.  There  was  but  one  interglacial  period,  and  this  was 
determined  by  changes  in  eccentricity,  as  seen  in  Fig.  981. 

Mr.  Wallace  has  certainly  put  the  astronomic  theory  in  its  best 
form,  and  his  view  may  be  regarded  as  not  improbable  if  we  admit  that 
among  his  concurring  causes  the  geographical  are  the  most  important. 
Further,  it  must  be  said  that  while  it  is  probable  that  astronomical  con- 
ditions many  concur  to  increase  geographical  causes,  yet  physicists 
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are  by  no  means  agreed  as  to  what  particular  conditions  would  produce 
this  eSect. 

2.  Time  involved  in  the  Quaternary  Period— If  we  accept  Croll's 
and  Wallace's  view,  then  it  is  possible  to  estimate  with  accuracy  the 
length  of  the  Glacial  epoch  and  the  time  elapsed  since  its  close,  for  it 
is  needless  to  say  that  astronomical  cycles  are  calculable  with  great 
certainty.    The  following  diagram,  taken  from  Mr.  Wallace,  shows  the 


THOUSAND  YEARS  ACO  FROM 


Fio.  981. — Diagram  of  Eccentricity  and  Precession:  Absciss  represents  time,  and  ordinatcs,  degrees 
of  eccentricity  and  also  of  cold.  The  dark  and  light  shades  show  the  warmer  and  colder  win- 
ters, and  therefore  indicate  each  10,500  years,  the  whole  representing  a  period  of  300,000  years. 

degrees  of  eccentricity  during  the  last  300,000  years,  and  the  recurring 
cycles  of  precession  during  that  period.  If,  as  he  thinks,  the  cold  was 
mainly  due  to  eccentricity  and  geographical  changes,  the  precessional 
changes  having  little  effect,  then  this  figure  will  also  represent  the 
degrees  of  cold.  It  is  seen  that,  according  to  Croll  and  Wallace,  the 
Glacial  period  commenced  240,000  years  ago,  lasted  160,000  years,  and 
80,000  years  have  elapsed  since  its  decline.  It  is  seen  also  that  Mr. 
Wallace  makes  but  one  interglacial  period  instead  of  eight,  the  effect 
of  the  shorter  precessional  cycles  being  tided  over  by  the  effect  of  the 
accumulated  ice. 

On  any  view  as  to  the  cause  of  the  glacial  climate,  there  can  be  no 
doubt  that  the  changes  which  produced  it  were  effected  very  slowly, 
and  therefore  involved  long  periods  of  time,  so  slowly  that  they  would 
probably  be  unobserved  by  contemporaneous  man,  if  such  existed. 
There  are  changes  by  elevation  and  depression  now  going  on  in  various 
parts  of  the  earth  which  are  probably  as  rapid  as  those  of  the  Glacial 
and  Champlain  epochs.  The  shores  of  the  Baltic  and  of  Norway  are 
now  rising  at  an  average  rate  of  two  and  a  half  feet  per  century.  Con- 
tinue this  rate  for  800  centuries,  and  Norway  would  attain  an  elevation 
as  great  as  that  of  the  Glacial  epoch,  and,  if  such  elevation  produces 
cold,  would  be  again  ice-sheeted.  Depression  at  a  similar  rate  for  the 
same  time  would  bring  about  a  condition  similar  to  that  of  the  Champ- 
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lain  epoch.  Yet  these  changes  are  unremarked,  except  by  the  eye  of 
Science.  The  only  difference,  if  any,  between  what  is  in  progress  now 
and  what  took  place  in  glacial  times,  is  the  comparative  universality 
of  the  osciUations  tlmi,  and  especially  their  coincidence  with  certain 
astronomical  changes,  which  greatly  increased  their  effect  upon  climate. 

Other  and  more  direct  methods  of  estimation,  however,  such  as  the 
recession  of  waterfalls  (p.  15)  and  of  lake-shores  (p.  35)  and  the  ex- 
treme freshness  of  glacial  scorings  and  polishings,  seem  to  indicate  a 
much  shorter  time  since  the  disappearance  of  the  ice-sheet.  This  is 
again  a  strong  reason  for  believing  that  geographical  changes  were  the 
main  cause  of  the  climate. 

Geological  Climates. — This  seems  the  proper  place  to  say  something 
of  geological  climates  in  general.  The  subject  is  confessedly  a  very 
difficult  one,  yet  there  are  some  things  which  seem  certain :  (1)  The 
mean  temperature  of  the  earth-surface  has  been  decreasing  through  all 
geological  times.  (2)  The  surface  temperature  of  all  periods  before  the 
Cretaceous  and  Tertiary  was  so  uniformly  distributed  that  there  is  little 
or  no  evidence  of  temperature-zones  such  as  we  have  now.  (3)  There 
have  been  from  time  to  time  at  uncertain  intervals  periods  of  greatly 
reduced  temperature  over  large  portions  of  the  earth's  surface.  The 
most  certain  of  these  is  the  Glacial  epoch,  and  next  to  this  the  Per- 
mian, especially  in  the  Southern  Hemisphere.  But  there  is  some  evi- 
dence of  the  same  at  the  end  of  Cretaceous.  In  other  words,  they 
seem  to  be  coincident  with  the  critical  periods.  These  are  the  facts. 
We  explain  them  as  follows : 

Explanation. — 1.  Decrease  of  Temperature. — This  is  probably  due 
{a)  to  secular  cooling  from  primal  incandescence,  and  {h)  to  decrease 
of  the  heat  of  the  sun.  The  sun  is  certainly  a  waning  star.  It  has 
passed  its  prime  of  heat,  for  it  is  no  longer  a  white  star,  (c)  The 
gradual  changes  in  the  composition  of  the  atmosphere,  as  shown  on 
page  422,  would  tend  in  the  same  direction. 

2.  Uniformity. — We  would  attribute  this  mainly  to  the  composi- 
tion of  the  atmosphere,  i.  e.,  to  the  excess  in  early  times  of  COo  and 
vapor  of  water.  If  the  watery  vapor  was  transparent,  it  would  tend 
not  only  to  uniformity,  but  also  to  increase  of  mean  temperature  by  trap- 
ping sun-heat,  as  already  explained  (pp.  395  and  396).  If,  on  the  con- 
trary, the  vapor  was  partially  condensed  as  liaze  or  clouds  it  would  tend 
to  diminish  the  extreme  heat,  and  at  the  same  time  increase  the  uni- 
formity. 

3.  Periods  of  Cold. — This  we  have  already  explained,  in  connection 
with  one  such  period,  viz.,  the  Glacial,  as  due  mainly  to  high  latitude 
elevation,  although  astronomical  conditions  may,  and  probably  do,  con- 
cur to  increase  the  effect.  In  the  Permian  it  was  mainly  in  the 
Southern  Hemisphere ;  in  the  Glacial  in  both  hemispheres.    On  this 
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view  we  may  represent  both  the  general  law  and  the  partial  uniqueness 
of  the  Glacial  epoch  as  follows:  Let  AB  represent  the  course  of  geological 


Pig.  982.— Diagram  illustrating  the  Causes  of  Geological  Climates. 


time,  and  the  regular  ascending  dotted  curve  A  C  the  gradual  cooling  of 
the  surface  by  all  causes  known  and  unknown.  Further,  let  the  waving 
line  represent  the  local  oscillations  of  temperature,  and  a,  b,  c  the  times 
of  greater  and  more  general  changes,  or  critical  periods.  Finally,  let  the 
line  BB  represent  such  a  degree  of  cold  as  is  necessary  to  produce  gla- 
cial conditions  at  sea-level  in  middle  latitude  regions.  It  is  seen  that 
although  there  are  many  oscillations  of  temperature  and  some  greater 
at  critical  periods,  yet  only  once,  at  c,  is  the  line  of  glacial  condi- 
tions reached.  This  was  due  partly  to  the  gradual  decrease  of  mean 
temperature  and  partly  to  concurrence  of  several  causes  both  geo- 
graphical and  astronomical. 

3.  The  Quaternary  a  Period  of  Revolution— a  Transition  between 
the  Cenozoic  and  the  Psychozoic  Eras. — We  have  already  seen  (pp.  293 
and  305)  that  between  the  great  eras,  and  perhaps  also  at  other  times, 
there  have  been  periods  of  oscillation  of  the  earth's  crust,  and  therefore 
of  changes  of  physical  geography,  marked  by  unconformity  of  strata ; 
and  of  changes  of  climate,  marked  by  apparently  abrupt  changes  of 
species.  These  have  been  the  critical  periods  of  the  earth's  history — 
periods  of  revolution  and  rapid  change.  But  for  that  very  reason  they 
are  also  periods  of  lost  records.  We  have  already  also  spoken  of  the  lost 
interval  at  the  end  of  the  Archaean,  evidently  the  greatest  of  all ;  again, 
of  a  lost  interval  at  the  end  of  the  Palseozoic,  partly  recovered  in  the 
Permian,  evidently  the  next  greatest ;  again,  of  a  lost  interval  at  the  end 
of  the  Cretaceous,  in  a  large  measure  recovered  in  the  Laramie  beds. 
There  are  doubtless  many  others  of  less  extent.  These  periods  are 
always  marked  by  unconformity  of  the  strata  and  change  in  the  life- 
system.  The  old  geologists  regarded  these  changes  as  sudden  and 
cataclysmic.  All  geologists  now  regard  the  suddenness  as  largely  ap- 
parent, and  the  result  of  lost  record. 

Now,  the  Quaternary  is  also  a  critical  period.  It  corresponds  with 
one  of  the  lost  intervals ;  only  in  this  case,  on  account  of  its  nearness 
to  us,  the  record  has  been  recovered.  By  the  study  of  this  period, 
therefore,  we  may  hope  to  solve  many  problems  which  have  heretofore 
puzzled  us.    Here,  for  example,  we  have  osciUations  of  the  crust  on  a 
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grand  scale,  producing  great  changes  of  physical  geography  and  cli- 
mate, and  therefore  of  fauna  and  flora.  Here  we  have  wide-spread  un- 
conformity of  present  sediments  on  eroded  surfaces  of  all  previous 
strata,  over  the  whole  sca-bottom  as  far  as  the  submerged  continental 
margin,  and,  if  the  antarctic  continent  was  connected  with  South 
America,  South  Africa,  and  Australia,  also  over  the  whole  antarctic 
ocean  bottom.  If  we  add  to  this  the  universal  unconformity  of  the 
drift  on  the  eroded  rock  of  all  other  ages,  we  have  an  unconformity  as 
extensive  as  any  known.  But  we  observe  that  in  this  case  these  effects 
have  been  produced  slowly,  and  that  the  fauna  and  flora  have  not  been 
suddenly  destroyed  and  suddenly  recreated,  but  have  continued  to  live 
throughout,  the  species  gradually  changing.  But,  what  is  still  more 
interesting,  much  light  is  thrown  also  on  the  hitherto  insoluble  prob- 
lem of  the  mode  and  the  cause  of  the  comparatively  rapid  change  of 
species  in  these  critical  periods.  The  attentive  study  of  the  Quater- 
nary shows  that,  in  addition  to  the  direct  effect  of  change  of  climate, 
one  great  cause  of  change  of  species  "luis  been  viigration :  migration 
north  and  south,  enforced  by  change  of  temperature ;  migration  in  any 
direction,  permitted  by  change  of  physical  geography.  This  point  is 
so  important,  that  we  must  explain  it  somewhat  fully. 

It  will  be  remembered  (p.  526)  that  in  Miocene  times  Greenland, 
Iceland,  and  Spitzbergen  were  covered  with  a  luxuriant,  temperate 
vegetation.  The  congeners  of  the  vegetation  of  that  time  are  found 
now  in  California,  along  the  shores  of  the  Southern  Atlantic  States,  and 
in  Southern  Europe.  Evidently  at  that  time  there  was  no  polar  ice- 
cap, and  therefore  no  arctic  plants.  At  the  end  of  the  Pliocene,  the 
vegetation  shows  a  climate  not  greatly  differing  from  the  present.  It 
is  probable,  therefore,  that  the  cold  had  increased  until  an  ice-cap  had 
formed,  such  as  now  exists  in  polar  regions,  with  its  accompaniment 
of  arctic  species.  As  the  Glacial  epoch  came  on  and  culminated,  the 
polar  ice  slowly  extended — its  margin  crept  slowly  southward,  until 
it  reached  40°  in  America  and  50°  in  Europe,  with  local  extensions 
stretching  still  farther  southward,  in  mountain  regions.  The  southern 
jjolar  regions  were  probably  similarly  affected,  either  simultaneously  or 
alternately. 

We  must  not  confound  this  movement  southward  of  the  southern 
limit  of  the  ice  with  the  curre7it  motion  of  the  ice-sheet  itself.  The 
limit  of  the  ice-cap  is  like  the  lower  limit  of  a  glacier  (p.  48).  It  may 
be  stationary,  or  advancing  or  retreating,  but  the  glacial  stream  flows 
ever  onward.  Again,  the  motion  of  a  glacial  current  is  slow — perhaps 
one  to  three  feet  j^er  day— hnt  the  extension  or  recession  of  the  glacial 
limit  may  be  far  slower,  perhaps  a  few  feet  per  annum..  We  may  thus 
easily  appreciate  the  immense  time  necessary  to  advance  this  limit  of 
the  ice-cap  to  40°  latitude. 
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At  the  end  of  the  Glacial  and  the  commencement  of  the  Champlaiu 
epoch  a  movement  of  the  ice-limit  in  a  contrary  direction — a  retreat 
northward — commenced  and  continued,  with  pei'haps  some  alternate 
progressions  and  regressions,  to  its  present  position. 

Now,  the  effect  of  this  advance  and  retreat  of  polar  ice  upon  plants 
and  animals  must  have  been  very  marked.  Temperate  plants,  inhabit- 
ing Greenland  in  the  Miocene,  were  pushed  to  the  shores  of  the  Gulf. 
Arctic  plants — i.  e.,  those  which  haunt  the  margin  of  perpetual  ice — 
were  pushed  to  Middle  United  States  and  to  Middle  Europe;  and  arc- 
tic shells  were  similarly  driven  southward,  slowly,  generation  after  gen- 
eration. We  say  slotvly,  for  otherwise  they  must  have  been  destroyed. 
With  the  return  of  temperate  conditions,  and  the  retreat  of  the  ice- 
cap, these  species,  both  shells  and  plants,  again  went  northward  to  their 
appropriate  place.  But  the  plant  species,  and  some  land  invertebrate 
species,  such  as  insects,  had  an  alternative  which  the  shells  had  not, 
viz.,  to  seek  arctic  conditions  also  tipivard  on  mountains.  Many  did 
so  and  were  left  stranded  there.  Thus  is  explained  the  remarkable  fact 
that  Alpine  plant-species  in  Europe  are  similar  to  and  largely  identical 
with  those  in  America  ;  and  both  with  the  present  arctic  species.  This 
indicates  a  former  wide  distribution  of  identical  arctic  species  all  over 
Europe  and  America,  and  their  subsequent  retreat  nortliioard  into 
polar  regions  and  upward  into  Alpine  isolation.  Grote  has  observed 
a  similar  isolation  of  Labrador  insect-species  on  Mount  Washington, 
and  on  the  Colorado  mountains.* 

There  was  probably  a  similar  movement,  to  a  less  extent,  of  temper- 
ate species.  In  the  Taxodium  of  the  Southern  Atlantic  and  Gulf 
swamps,  and  the  Sequoias  of  California,  we  doubtless  have  examples  of 
species  wide-spread  in  Miocene  times,  which  have  been  destroyed  by 
these  climatic  changes,  except  in  certain  limited  areas.. 

But  plants  and  lower  species  of  animals  are  far  less  affected  by 
changes  in  physical  conditions  than  are  the  higher  species  of  animals. 
This  is  shown  by  the  wide  range  both  in  space  and  time  of  the  former 
as  compared  with  the  latter.  Under  these  great  changes  and  enforced 
migrations,  therefore,  plants  and  invertebrate  animal  species  maintained 
their  specific  characters  mostly  unchanged,  or  but  slightly  changed. 
But  in  the  case  of  mammals  destruction  or  change  was  inevitable. 
Both  took  place — destruction  of  some  and  change  of  the  remainder. 

In  America  some  time  during  Quaternary,  perhaps  during  the 
period  of  northern  subsidence,  there  was  probably  a  broad  land-con- 
nection of  North  America  with  South  America  by  the  Caribbean  Sea 
region  ;  and  certainly,  as  shown  by  the  similarity  of  plants,  with  North- 
ern Asia  by  the  region  between  the  Aleutian  Isles  and  Bering  Strait. 


*  American  Journal  of  Science,  ISYS,  vol.  x,  p.  335. 
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Thus  migrations  were  not  only  enforced  by  climatic  changes,  but  per- 
mitted by  geographical  connections  with  adjacent  continents.  Also 
the  great  Pliocene  lake,  1,000  miles  long  (p.  523),  which  separated  West- 
ern from  Eastern  Korth  America  was  abolished,  and  migrations  became 
freer  between  the  East  and  West.  It  is  evident  that  from  all  these 
causes  mammalian  faunas  from  widely-different  regions  were  precipi- 
tated upon  each  other,  and  struggled  together  for  mastery.  Large 
numbers  of  species  were  destroyed,  and  the  fittest  only  survived, 
and  these  only  under  changed  forms.  It  is  quite  possible  that  man 
came  to  America  with  the  Asiatic  mammalian  invasion.  If  so,  his 
earliest  remains  in  America  may  be  looked  for  on  the  Pacific  coast. 

Of  course  we  use  the  word  tnigrations  in  its  widest  sense,  as  change 
of  habitat  of  species  as  well  as  of  individuals.*  In  the  case  of  plants 
and  many  lower  animals,  the  place  of  species  only  moved  slowly  from 
generation  to  generation.  In  the  case  of  mammals  there  was  more  de- 
cided movement  of  individuals. 

This  very  important  subject  has  been  more  closely  studied  in  Europe 
than  here,  although  we  believe  that  America  is  the  simplest  and  best 
field  for  its  elucidation.  During  the  Quaternary  probably  at  least  four 
distinct  mammalian  faunas  struggled  together  for  mastery  on  European 
soil  :  1.  The  Pliocene  autochthones.  2.  Invasions  from  Africa,  per- 
mitted  by  geographical  connection  opening  a  gateway  through  the 
Mediterranean,  since  closed.  3.  Invasions  from  Asia,  by  opening  of  a 
gateway  which  has  remained  open  ever  since  ;  with  this  invasion  prob- 
ably came  man.  4.  Invasions  from  arctic  regions.  Probably  more  than 
one  such  invasion  took  place ;  certainly  one  occurred  during  the  second 
Glacial  epoch,  called  on  that  account  the  Reindeer  period. 

The  final  result  of  all  this  struggle  was,  that  the  Pliocene  autoch- 
thones were  destroyed  or  driven  southward  in  Africa ;  the  southern 
species  were  mostly  destroyed  or  driven  back  with  changed  forms  and 
diminished  size ;  the  northern  species,  reindeer,  glutton,  etc.,  retreated 
again  northward,  and  the  Asiatics  remained  in  possession  of  the  field, 
but  greatly  changed  by  the  struggle.  Man  was  among  these,  and  cer- 
tainly one  of  the  principal  agents  in  the  change.  Speaking  more  ac- 
curately, the  present  fauna  of  Europe  may  be  said  to  be  a  product  of 
all  these  factors ;  but  the  Asiatic  invasion  seems  to  be  the  largest  factor. 

Thus,  then,  the  gradual  progress  of  evolution  through  all  geological 
time,  and  the  causes  of  the  phenomenon  of  rapid  change  of  species  at 
critical  periods  of  the  earth's  history,  may  be  briefly  summarized  as 
follows : 

1.  A  gradual,  extremely  shto  evolution  of  organic  fortns  under  the 
operation  of  all  the  forces  and  factors  of  evolution  known  and  un- 
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known,  whatever  we  may  conceive  these  to  be.  Tliis  cause  acting 
alone  would  produce  gradual  changes  in  time  (geological  faunas),  but 
without  geographical  diversity.  It  would  be  easy  to  synchronize  strata 
in  different  countries,  because  fossils  of  the  same  period  would  be  iden- 
tical everywhere.    But  we  know  this  is  not  true. 

2.  This  slow  evolution  takes  different  directions  in  different  places 
and  under  different  physical  conditions,  and  thus  gives  rise  to  geo- 
graphical  faunas  and  floras.  Such  geographical  faunas  and  floras, 
if  isolated  by  physical  barriers,  become  more  and  more  diverse  so  long 
as  the  barriers  are  maintained.  This  cause  acting  alone  would  produce 
extreme  geographical  diversity,  greater  than  any  now  known,  and  ren- 
der determination  of  synchronism  impossible.    This  also  is  not. true. 

3.  During  critical  periods  physical  changes  and  consequent  migra- 
tions., partly  enforced  by  changes  of  climate,  partly  permitted  by  re- 
moval of  barriers,  and  the  precipitation  of  adjacent  faunas  and  floras 
upon  each  other,  and  the  consequent  severe  struggle  for  life,  give  rise 
to  far  more  rapid  changes  of  species,  but  at  the  same  time  to  greater 
geographical  uniformity.  This  more  rapid  change  of  organic  forms 
is  produced  partly  by  severer  pressure  of  external  conditions,  certainly 
one  factor  of  change ;  partly  by  severer  struggle  for  life,  certainly  an- 
other factor  of  change ;  and  partly  due  to  the  effect  of  new  dominant 
types,  another  factor  of  change ;  and  doubtless  partly  also  to  the  more 
active  operation  of  other  factors  of  change,  which  we  do  not  yet  under- 
stand. These  critical  periods  tend  to  produce  not  only  more  rapid  gen- 
eral evolution,  but  also  to  destroy  extreme  geographical  diversity  ;  and 
since  it  operates  on  animals  rather  more  than  plants,  plant  species 
are  more  apt  to  be  local,  and  are  less  certainly  carried  along  with  the 
stream  of  general  evolution,  and  are  therefore  less  reliable  in  deter- 
mining geological  age  than  animals. 

4.  Ee-isolations  in  new  positions.  This  would  again  produce  diver- 
gence of  geographical  faunas  and  floras  increasing  with  time,  as  long 
as  the  isolation  continued.  Thus  it  is  seen  that  geographical  diversity 
is  a  product  of  three  factors — viz.,  difference  of  environment,  isolation, 
and  time. 

The  last  of  these  critical  periods  was  the  Quaternary.  Therefore  in 
the  changes  of  physical  geography  and  climate  of  this  period  we  find 
the  main  cause  of  the  present  distribution  of  species  ;  and,  conversely, 
this  distribution  furnishes  the  key  to  the  geographical  changes  and  the 
direction  of  migrations  during  the  Quaternary. 

The  principles  enumerated  above  are  so  important,  that  some  ex- 
amples illustrating  seem  necessary. 

1.  Australia. — This  one  is  less  dependent  on  the  Glacial  period,  but 
is  an  excellent  illustration  of  the  principle.  The  fauna  and  flora  of 
Australia  are  the  most  peculiar  known  anywhere.    Confinino-  our  at- 
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tention  to  mammals ;  of  about  one  hundred  and  thirty  species  known 
in  Australia,  all  except  two  or  three  bats  and  rats*  (of  all  animals  the 
most  likely  to  be  accidentally  introduced)  are  non-placenlaU,  i,  e.,  mar- 
supials and  monotremes.  And,  moreover,  with  the  exception  of  sev- 
eral opossums  in  America,  North  and  South,  non-placentals  are  not 
found  anywhere  except  in  Australia  and  neighboring  islands.  'J'he 
explanation  is  as  follows  :  Of  all  countries,  Australia  has  been  the 
longest  isolated  from  all  other  continents.  The  wide  migrations  of 
the  Quaternary  which  mingled  the  faunas  and  floras  of  other  conti- 
nents did  not  reach  this  one.  It  will  be  remembered  that,  in  Jurassic 
times,  marsupials  in  great  numbers  inhabited  Europe  and  America, 
and  doubtless  all  other  great  continents,  Australia  among  the  number. 
It  will  be  remembered  also  that  true  placental  mammals  were  not  in- 
troduced tmtil  the  Tertiary.  It  is  evident,  then,  that  Australia  was 
separated  before  the  Tertiary,  and  has  been  isolated  ever  since.  The 
severe  struggle  which  determined  the  evolution  of  placentals  elsewhere 
did  not  affect  that  continent.  Placentals  were  not  evolved  there,  nor 
could  they  get  there  from  abroad. 

2.  Africa. — The  mammalian  fauna  of  Africa,  south  of  Sahara,  as 
shown  by  Wallace  (Island  Life),  consist  of  two  very  distinct  groups — 
viz.,  a  group  of  small  animals  of  very  generalized  type — insectivores  and 
lemurs ;  and  a  group  of  large,  powerful,  and  highly-specialized  animals 
— carnivores  and  herbivores.  The  animals  of  the  former  group  are 
peculiar  to  Africa  and  Madagascar,  and  are  probably  indigenous ;  the 
animals  of  the  latter  group  are  similar  to  the  Pliocene  animals  ef  Eu- 
rasia, and  are  probably  invaders.  The  explanation  is  as  follows:  Dur- 
ing late  Tertiary  times,  Africa  was  separated  from  Eurasia  probably 
by  a  sea,  and  inhabited  only  by  the  group  which  we  called  indigenes. 
Then  came  the  Glacial  oscillations,  which  opened  a  gateway  into  Africa, 
and  the  concomitant  climatic  changes  which  drove  the  Eurasian  Plio- 
cene animals  southward.  These  invaders  soon  dominated  the  weaker 
indigenes  and  were  subsequently  isolated  in  their  new  home.  The 
struggle  which  followed  has  produced  considerable  change  in  both 
groups,  but  especially  in  the  indigenes. 

3.  Madagascar. — The  mammalian  fauna  of  Madagascar  is  very  re- 
markable ;  nearly  all  the  species  being  peculiar  to  that  island.  There 
is,  however,  a  general  resemblance  to  the  indigenes  of  Africa.  The 
explanation  is  as  follows :  During  Tertiary  times,  Madagascar  was  a 
part  of  the  African  Continent,  and  both  inhabited  by  the  same  animals, 
viz.,  the  indigenes.  But  in  Pliocene  times,  before  the  northern  inva- 
sion, it  was  separated,  and  therefore  the  invasion  did  not  reach  it. 


*  The  dingo  or  native  dog  is  no  exception,  because,  according  to  Wallace,  it  was  in- 
troduced by  man. — Island  Life,  p.  45. 
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Meanwhile  by  long  isolation,  the  Malagasian'  fauna  changed  slowly  to 
its  present  state,  but  the  change  was  not  so  great  as  in  their  African 
congeners,  who  had  to  bear  tlie  brunt  of  the  struggle  with  invaders. 
Therefore,  we  have  in  the  Malagasian  fauna  a  somewhat  nearer  ap- 
proach to  the  Tertiary  fauna  of  both. 

4.  British  Isles. — The  fauna  and  flora  of  the  British  Isles  are  al- 
most but  not  quite  identical  with  those  of  Europe.  Between  the  two 
there  are  strong  varietal  but  not  specific  dilTerences.  They  are  also 
somewhat  less  rich,  some  species  being  wanting  which  are  found  on 
the  continent.  This  is  especially  true  of  Ireland.  The  explanation  is 
as  follows :  The  climatic  changes  of  the  Glacial  epoch,  but  especially 
the  ice-sheet  and  subsequent  submergence  of  the  Champlain  completely 
destroyed  the  indigenous  species  of  these  islands.  But,  during  the 
elevation  of  the  second  Glacial  epoch,  they  were  again  broadly  con- 
nected with  the  continent,  and  therefore  colonized  by  continental  spe- 
cies. They  have  been  again  separated  by  subsidence,  and  divergence 
of  organic  forms  has  again  commenced ;  but  the  period  of  connection 
was  so  brief  that  the  colonization,  especially  in  the  extreme  parts,  was 
not  completed  before  re-isolation ;  and  the  time  since  re-isolation  has 
been  too  short  for  the  divergence  to  go  very  far ;  it  has  reached  only 
varietal  differences. 

5.  Coast  Islands  of  California. — Along  the  coast  of  the  southern 
part  of  California  there  is  a  string  of  bold,  rocky  islands,  nearly  two 
thousand  feet  high,  and  about  fifty  miles  off  shore.  The  flora  of  these 
islands,  as  shown  by  Prof.  Greene,*  is  very  remarkable.  Of  nearly 
three  hundred  species  found  there,  about  fifty  are  entirely  peculiar — 
being  found  nowhere  else  in  the  world.  Of  the  others,  all  are  charac- 
teristic California  species.  ]^ow  for  the  explanation  :  During  late  Ter- 
tiary and  early  Quaternary  times  the  continent  was  higher  than  now, 
and  these  islands  were  a  part  of  California.  We  have  already  given 
proof  of  this  fact  on  page  586.  During  that  time  California,  includ- 
ing these  islands,  was  occupied  by  a  flora  not  greatly  different  from 
that  of  the  islands  now.  By  the  oscillations  of  the  Quaternary  the  is- 
lands were  separated.  Then  came  the  northern  invasion  of  species, 
changing  some  of  the  native  species  and  destroying  others,  and  form- 
ing the  California  flora  of  to-day.  The  islands  were  spared  this  inva- 
sion by  isolation.  It  is  probable,  therefore,  that  in  the  island  flora  we 
have  a  somewhat  near  approach  to  the  flora  of  California  before  the 
invasion,  f 

*  Bulletin  of  the  California  Academy  of  Sciences,  No.  7. 

t  American  Journal  of  Science,  vol.  xxxiv,  p.  457,  1887.    This  deduction  has  recently 
been  confirmed  by  the  marine  fauna  of  Santa  Catalina.    A  large  percentage  of  the  living 
species  there  are  extinct  on  the  main  coast,  being  fossils  of  the  Pliocene,  and  the  rest  are 
arctic  species. — Jour.  Geol.,  vol.  iii,  pp.  453  and  487,  1896. 
41 
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Thus,  theu,  regarding- the  Cenozoic  and  the  Modern  as  consecutive 
eras,  and  the  Quaternary  as  the  transitional,  revolutionary,  or  critical 
period  between,  vee  see  a  great,  and,  if  we  had  lost  the  Quaternary,  an 
apparently  sudden,  change  of  species.  Yet  this  change,  as  great  as  it 
is,  is  not  to  be  compared  iu  magnitude  with  that  which  separates  the 
great  eras  or  even  ages  from  each  other.  Evidently,  therefore,  we  must 
regard  the  lost  interval  between  tlie  Archa3an  and  Palaeozoic,  and  that 
between  the  Palaeozoic  and  Mesozoic,  yes,  even  that  between  the  Meso- 
zoic  and  Cenozoic  (as  small  as  this  latter  is  in  comparison  with  the 
others),  as  all  of  them  far  greater  than  the  whole  Quaternary  period; 
or  else  the  forces  of  evolution  must  have  been  far  more  active  in  those 
earlier  times  than  more  recently.  But,  on  the  other  hand,  we  must  re- 
member that  the  change  is  not  yet  completed  ;  that  the  introduction  of 
man  has  continued  and  increased  the  changes  commenced  by  physical 
and  organic  causes.  When  completed — i.  e.,  when  civilized  man  shall 
have  occupied  the  whole  earth — the  change  will  then  be  as  great  as 
any  that  has  ever  occurred  in  the  history  of  the  earth. 

4.  Drift  in  Relation  to  Gold. — As  already  stated  (p.  250),  gold  oc- 
curs in  two  positions,  viz.,  in  quartz  veins  intersecting  metamorphic 
slates  (quartz-mines)  or  in  rher-gravels  (placer-mines).  The  auriferous 
slates  may  be  of  various  ages.  In  the  Appalachian,  the  Ural,  and  in 
Australia  they  are  metamorphic,  Silurian,  or  Cambrian.*  In  California 
they  are  mainly  Jura-Trias.  The  placer-mines  are  nearly  always  late 
Tertiary  or  early  Quaternary  gravels.  There  has  been  throughout  all 
geological  time  a  progressive  concentration  of  gold  and  other  metals  in 
more  and  more  available  form.  1.  It  was  disseminated  in  excessively 
small  quantities  in  the  slates — too  small  to  be  easily  detected — probably 
derived  from  the  sea,  in  the  waters  of  which  small  quantities  are  de- 
tectable. 2.  After  upheaval,  crumpling,  metamorphism,  and  fissuring, 
it  was  leached  out  and  accumulated  along  with  silica  and  metallic 
sulphides  in  the  fissures,  as  auriferous  veins.  3.  Atmospheric  agencies 
acting  on  the  outcropping  veins  dissolved  away  the  sulphides,  leaving  the 
gold  free  and  therefore  in  more  available  form  along  the  backs  of  the 
veins.  4.  In  the  meantime  the  weathering  of  the  slates  on  a  loiv  angle 
of  slope,  preceding  the  Post-Tertiary  elevation  (page  276),  resulted  in 
deep  residtial  soil,  abundantly  mixed  with  imperishable  quartz  frag- 
ments containing  gold.  5.  Then  came  last  the  rushing  waters  of  latest 
Tertiary  and  earliest  Quaternary — i.  e.,  after  the  upheaval  commenced 
— carrying  to  the  sea  the  finer  soil,  but  accumulating  the  quartz  frag- 
ments in  the  form  of  pebbles  in  the  river-beds,  where  they  are  sorted 
and  panned,  leaving  the  coarser  gold  high  up  the  slopes  and  at  the 
bottom  of  gravels,  forming  the  placers,  the  richest  of  all. 


*  Pre-Cambrian  in  Appalachian  (Becker). 
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The  placers  of  California,  however,  are  of  two  kinds,  viz.,  the  ordi- 
nary or  superficial  placers,  and  the  dee2)  placers.  The  superficial  placers 
are  gravel-drifts  in  the  present  river-beds.  The  deep  placers  are  gravel- 
drifts  in  old  river-beds.  These  old  river-beds,  as  already  stated  (pp. 
258,  591),  are  in  many  cases  covered  up  with  lava.  Usually  the  general 
direction  of  the  old  bed  coincides  with  that  of  the  present  river-s3'stem, 
but  sometimes  the  present  river-system  cuts  across  the  old  river-system. 
In  all  cases,  however,  it  is  evident  that  the  old  river-gravels  were 
formed  before  the  lava- flow,  and  the  newer  gravels  after  the  lava-flow. 
In  all  cases  also  the  present  river-system  has  cut  down  far  ielow  the 
old  beds,  in  this  respect  entirely  different  from  the  old  river-beds  of  the 
eastern  portion  of  the  continent.  The  reason  of  this  has  already  been 
explained  (p.  591). 

The  following  figures  are  ideal  sections  altered  a  little  from  Whit- 
ney's :  Fig.  983,  of  a  case  in  which  the  old  and  the  present  river-beds 
are  parallel  to  each  other,  and  Fig.  984,  where  the  latter  cut  through  the 
former.  In  the  former  case  the  section  is  across  the  lava-flow,  as  well 
as  across  the  river-beds ;  in  the  latter  case  it  is  in  the  direction  of  the 
lava-flow,  and  therefore  of  the  old  river-bed,  but  across  the  present 
river-bed. 

In  Fig.  983,  which  is  a  section  across  Table  Mountain,  in  Tuolumne 
County,  California,  L  is  the  lava-cap,  140  feet  thick,  beneath  which  is 


Pig.  983. — Section  across  Table  Mountain,  Tnolumne  County,  California:  L,  lava;  G,  gravel;  S, 
slate;  B,  old  river-bed;  M',  present  river-bed. 

the  old  river-bed,  R,  with  its  gravel,  G,  now  worked  by  a  tunnel,  driven 
through  the  rim-slate  S.  More  recent  gravels,  G',  are  seen  in  the  pres- 
ent river-beds,  R'.  In  this  locality  G  represents  the  deep  placers,  and 
G'  the  superficial  placers. 

The  history  of  changes  shown  in  these  sections  is  sufficiently  obvi- 
ous. In  the  time  of  the  old  river-system,  R  was  a  river-bed,  doubtless 
with  a  ridge  on  either  side  represented  by  the  dotted  lines.  In  this 
bed  accumulated  gravel,  containing  gold.  Then  came  the  lava-flow, 
which  of  course  ran  down  the  valley,  displacing  the  river  and  covering 
up  the  gravels.  The  displaced  rivers  now  ran  on  either  side  of  the 
resistant  lava,  and  cut  out  new  valleys,  2,000  feet  deep,  in  the  solid 
slate,  leaving  the  old  lava-covered  river-beds  and  their  auriferous  gravels 
high  up  on  a  ridge.    The  deeper  cutting  was  the  result  of  the  higher 
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slope.  In  other  cases  the  convulsion  which  ejected  the  lava  also 
changed  greatly  the  direction  of  the  slope  of  the  country,  and  there- 
fore the  direction  of  the  streams.  In  such  cases  of  course  the  present 
river-system  cuts  across  the  old  river-beds  and  gravels,  and  their  cover- 
ing lavas,  as  shown  in  Fig.  984. 


■^'"•^  ^^^-TT-^''™'^''''''^'"  <^"'  throiigli  by  Rivers:  a  a,  basalt:  b  b,  volcanic  ashes:  c  c.  Tei 


Age  of  the  River-Gravels.— The  age  of  the  old  river-gravels  is  still 
doubtful ;  that  of  the  newer  river-gravels  is  undoubtedly  Champlain. 
Below  we  give  a  list,  taken  from  Whitney,  of  the  remains  found  in 
these  gravels : 


It  will  be  seen  that  the  fauna  of  the  deep  placers  unite  Pliocene 
and  Quaternary  characters.  The  great  mastodon,  the  mammoth,  the 
tapir,  and  mylodon,  are  distinctively  Quaternary,  while  the  others  are 
Pliocene.  The  plants,  according  to  Lesquereux,  are  decidedly  Pliocene, 
or  even  late  Miocene.  Therefore  Whitney  has  not  only  put  the  deep 
placers  in  the  Pliocene,  but  made  them  the  representative  of  the  whole 
Pliocene,  and  probably  Miocene,  and  the  lava- flow  as  the  dividing-line 
between  the  Tertiary  and  Quaternary.  But,  all  the  facts  considered,  it 
seems  most  probable  that  both  the  filling  of  the  old  river-beds,  and 
their  protection  by  lava,  took  place  comparatively  rapidly,  and  were 
together  the  closing  scene  of  the  Tertiary  drama.  The  deep  gravels, 
therefore,  may  be  placed  indifferently  in  the  late  Pliocene  or  earliest 


river-beds  (from  Whitney). 


Deep  placers.  - 


Newer  placers.  ■> 


'  Great  mastodon. 
MamiDoth. 
Bison. 

Tapir,  modern. 
Horse,  modern. 
^  Man's  works. 
'  Great  mastodon.* 
Mammoth. 
Mylodon. 
Tapir,  modern. 
Rhinoceros  (ally). 
Hippopotamus  (ally). 
Camel  (ally). 
Horse,  extinct  species. 


*  Whitney  states  (Geological  Survey  of  California,  vol.  i,  p.  252)  that  neither  the 
mastodon  nor  the  mammoth  is  found  in  deep  placers ;  but  both  have  since  been  found 
there. 
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Quaternary.  The  newer  gravels  are  undoubtedly  Quaternary  and  re- 
cent. 

In  any  case,  we  have  here  an  admirable  illustration  of  the  immen- 
sity of  geological  times.  The  whole  work  of  cutting  the  hard  slate- 
rock  2,000  feet  or  more  has  been  done  since  the  lava-flow,  and  therefore 
certainly  since  the  beginning  of  the  Quaternary.  But  it  is  necessary 
to  remember  that,  on  account  of  the  high  slope  of  the  new  river-beds, 
the  work  was  exceptionally  rapid. 


CHAPTER  VI. 
PSYCHOZOIC  ERA— AGE  OF  MAN— RECENT  EPOCH. 

Characteristics. — The  Quaternary,  and,  indeed,  all  previous  ages, 
were  reigns  of  brute  force  and  animal  ferocity.  A  condition  of  things 
prevailed  which  was  inconsistent  with  the  supremacy  of  man.  TJae  age 
of  man,  on  the  contrary,  is  characterized  by  the  reign  of  mind.  There- 
fore, as  was  necessary,  the  dangerous  animals  decreased  in  size  and 
number,  and  the  useful  animals  and  plants  were  introduced,  or  else 
preserved  by  man. 

Distinctness  of  this  Era. — In  regard  to  the  distinctness  and  impor- 
tance of  this  era,  there  are  two  views  which  will  probably  ever  divide 
geologists,  depending  on  the  two  views  regarding  the  relation  of  man 
to  Nature.  From  the  purely  structural  and  animal  point  of  view,  man 
is  very  closely  united  with  the  animal  kingdom.  He  has  no  depart- 
ment of  his  own,  but  belongs  to  the  vertebrate  department,  along  with 
quadrupeds,  birds,  reptiles,  and  fishes.  He  has  no  class  of  his  own, 
but  belongs  to  the  class  Mammalia,  along  with  quadrupeds.  Neither 
has  he  an  order  of  his  own,  but  belongs  to  the  order  of  Primates,  along 
with  monkeys,  lemurs,  etc.  Even  a  family  of  his  own,  the  Hominidw, 
is  grudgingly  admitted  by  some.  But  from  the  psychical  point  of 
view  it  is  simply  impossible  to  overestimate  the  space  which  sejDarates 
man  from  all  lower  things.  Man  must  be  set  off  not  only  against  the 
animal  kingdom,  but  against  the  whole  of  Nature  besides,  as  an 
equivalent:  Nature  the  hook — the  revelation — and  man  the  iiiier- 
preter. 

So  in  the  history  of  the  earth  :  from  one  point  of  view  the  era  of 
man  is  not  equivalent  to  an  era,  nor  to  an  age,  nor  to  a  period,  nor 
even  to  an  epoch.  But  from  another  point  of  view  it  is  the  equivalent 
of  the  whole  geological  history  of  the  earth  besides.  For  the  history 
of  the  earth  finds  its  consummation,  and  its  interpreter.,  and  its  signifi- 
cance, in  man. 
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But  there  is  still  another  and  perhaps  a  better  reason  for  making 
this  a  primary  division.  There  is  now  going  on  under  our  eyes,  and 
by  the  agency  of  man,  a  change  of  fauna  and  flora  as  sweeping,  and  far 
more  rapid,  than  any  which  has  ever  taken  place  in 
the  history  of  the  earth.  We  do  not  sufficiently  ap- 
preciate this,  only  because  we  are  in  the  midst  of  it. 
The  change  will  be  completed  when  civilized  man 
dominates  the  whole  earth. 


Fig.  985 — Dinomis  giganteus,  x  3V  (from  apho-      Fia.  98G.— Aptorni?  didiformis,  x  ^  (from  a 
tograph  of  a  skeleton  in  Christchurch  Mu-  photograph  cf  a  skeleton  in  Cnristchurch 

seum,  New  Zealand).  Museum,  New  Zealand). 

The  rocks  of  this  epoch  are  the  present  river-deposits,  lake-deposits, 
sea-deposits,  volcanic  ejections,  etc.,  already  treated  of  in  Part  1.  The 
fauna  and  flora  of  this  epoch  are  the  species  still  living  on  the  earth. 
These  are  different  from  those  of  the  Tertiary,  and  largely  from  those 
of  the  Quaternary,  times ;  but  the  change,  as  we  have  already  shown, 
has  been  gradual,  not  sudden ;  man  himself  being  one  of  the  chief 
agents  of  change. 

The  Change  still  in  Progress— Examples  of  Recently-Extinct  Species. 
— The  gradual  change  of  fauna  has  been  going  on  through  many  ages, 
and  is  still  going  on  under  our  eyes.  Many  remarkable  Quaternary 
species  have  lingered,  and  become  extinct  by  the  agency  of  man,  even 
in  historic  times.  Among  the  most  remarkable  of  these  are  tlie  huge 
wingless  birds,  the  remains  of  which  have  been  discovered  in  New 


PSYCUOZOIC  ERA— AGE  OF  MAN— RECENT  ErOCH. 


631 


Zealand,  Madagascar,  and  Mauritius,  viz.,  the  Dinornis  (huge  bird), 
JEpyornis  (tali  bird),  Palapleryx  (old  wingless  bird),  the  Solitaire, 
and  the  Dodo.  Through  the  kindness  of  Mr.  C.  D.  Voy,  I  am  able 
to  give  good  figures  of  the  skeletons  of  several  of  these  extraordinary 
extinct  birds,  taken  from  photographs  (Figs.  985-987). 

The  Dinornis  giganteus  of  New  Zealand,  and  the  u^piornis  of 
Madagascar,  were  probably  twelve  feet  high.  The  tibia  of  the  former 
has  been  found  nearly  a  yard  long,  and  as  thick  as  the  tibia  of  a  horse, 
and  the  egg  of  the  latter,  well  preserved,  thirteen  inches 
long  and  nine  inches  in  diameter,  with  a  cajDacity  of  two 
gallons.  The  toe-bones  of  the  Z>.  elejoliantopus  (Fig.  987) 
rivaled  in  size  those  of  the  elephant  (Owen).  These  huge 
birds  must  have  been  capable  of  making  tracks  nearly  as 
large  as  those  of  the  supposed  birds  of  the  Connecticut 
Valley  sandstone  (p.  471).  Such  tracks  have  indeed  been 
recently  found  in  New  Zealand,  in  a  very  soft  sandstone. 

The  Dodo,  of  Mauritius,  a 
heavy,  clumsy  bird,  of  fifty 
pounds'  weight,  with  loose, 
downy  feathers,  and  imper- 
fect wings,  like  a  new-born 
chicken,  became  extinct 
only  about  a  hundred  and 
fifty  or  two  hundred  years 
ago.  The  Apteryx,  to 
which  of  all  living  birds 
the  Dinornis,  Aptornis, 
etc.,  are  most  nearly  allied, 
still  survives,  ready  to  dis- 
appear (Fig.  988). 

The  Bos  prit)iige7iius, 
the  gigantic  ox  of  Quater- 
nary times,  is  supposed  to 
be  the  same  as  the  U?'us 
of  Caesar,  and  therefore 
became  extinct  since  Roman  times.  The  Quaternary  bison  of  Europe 
would  have  been  now  entirely  extinct  but  for  the  imperial  edict  which 
preserves  a  few  in  the  forests  of  Lithuania.  The  lion,  the  tiger,  the 
bison,  the  elephant,  and  the  rhinoceros,  and,  in  fact,  all  the  fiercer  and 
larger  animals,  are  even  now  disappearing  before  the  advance  of  civ- 
ilized man. 

Thus,  in  passing  from  geological  to  jiresent  times  we  trace  rocks 
into  sediments  and  soils ;  geological  agencies  into  chemical  and  physi- 
cal agencies,  now  in  oi^eration ;  extinct  faunas  and  floras  into  the  liv- 


Fia.  987. — Dinornis  elephantopus,  x  ^  fafter  Owen). 
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ing  fauna  and  flora;  in  a  word,  geology  into  chemistry  and  physics, 
and  paleontology  into  zoology  and  botany. 


Fig.  988.— Apteryx  Australis. 

Now,  in  this  gradual  change  of  fauna,  when  did  man  first  appear 
upon  the  scene,  and  what  was  the  character  of  primeval  man?  This 
introduces  us  to  two  very  important  but  very  difficult  and  obscure  sub- 
jects. 

I. — Antiquity  of  Man. 

On  this  interesting  subject  the  three  sciences— History,  Archseology, 
and  Geology— meet  and  co-operate ;  and  the  recent  rapid  advance  has 
been  the  result  of  this  union,  and  especially  of  the  application  of  geo- 
logical methods  of  research;  , 

Archaeologists  have  long  ago  divided  the  history  of  human  civiliza- 
tion into  three  epochs  or  nfjes,  named,  from  the  materials  of  winch 
weapons  and  tools  are  made,  respectively  the  Stone  age,  the  Brotize 
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age,  and  the  Iron  age.  We  are  here  concerued  only  with  the  Stone 
age ;  the  others  belong  to  history. 

Closer  study  has  again  divided  the  Stone  age  into  two,  viz.,  the 
Pakeolithic  (old  Stone  age)  and  tlie  Neolitldc  (newer  Stone  age). 
During  the  former,  only  chipped  stone  implements  were  used;  while 
in  the  latter  polished  stone  implements  were  also  used.  It  is  princi- 
pally with  the  PalcBolithic  that  we  are  here  concerned. 

Still  closer  study,  in  connection  with  geology,  has  again  divided  the 
Palceolithic  into  an  earlier  and  a  later.  The  earlier,  being  contempora- 
neous with  the  mammoth,  is  called  the  Manmolh  age  ;  and  the  latter, 
for  similar  reasons,  the  Reindeer  age.  The  mammoth,  however,  existed 
also  in  this  latter  age.  The  former  seems  to  correspond  with  the 
Champlain  or,  perhaps,  interglacial  epoch  in  geology,  for  these  are 
often  confounded,  and  the  latter  with  the  Second  Glacial  epoch  passing 
into  the  recent  epoch.  The  Neolithic  commences  the  Psychozoic  era, 
or  reign  of  man — the  period  when  man  had  established  his  Siipremacg. 
The  following  table  expresses  these  views : 

3.  Iron  age.      )  Historic  ) 

2.  Bronze  age.  J  >•  Psychozoic  era. 

I  Neolithic — Domestic  animals.  )  , 
1.  Stone  age.  •<  p  j  ^^jj^j^j    j  Reindeer  age  =  Second  Glacial  or  early  recent  epoch. 

(  ■  I  Mammoth  age  =  Champlain  epoch  or  perhaps  interglacial. 

These  divisions  and  their  relation  to  geological  epochs  have  been 
established  in  Europe.  They  would  probably  apply  also  to  some  parts 
of  Asia  and  Africa,  for  in  portions  of  these  old  countries  man  has 
doubtless  passed,  successively  and  slowly,  through  all  these  stages.  But 
all  these  stages  are  not  represented  in  all  countries,  nor  do  they  neces- 
sarily correspond  to  the  geological  epochs  mentioned  above.  The 
South-Sea-Islanders,  for  example,  are  still  in  the  Stone  age.  The 
American  Indians  were  in  the  Stone  age  only  three  centuries  ago. 

The  table  given  above  carries  man  back  to  the  Champlain  or  even 
the  interglacial  epoch.  There  are  some  geologists  who  think  they  find 
evidence  of  a  much  earlier  existence  of  man.  We  will,  therefore,  very 
rapidly  review  the  evidences  of  the  antiquity  of  man.  In  doing  so, 
however,  we  shall  accept  none  but  thoroughly  reliable  evidence.  There 
has  been  recently  far  too  much  eagerness  to  find  facts  which  overthrow 
accepted  beliefs,  and  to  accept  them  on  this  account  alone.  We  will 
take  up  European  localities  first,  because  the  subject  has  been  more 
carefully  studied  there. 

Primeval  Man  in  Europe. 

Supposed  Miocene  Man— Evidence  unreliable.— The  earliest  period 
in  the  strata  of  which  any  supposed  evidences  of  the  existence  of  man 
have  been  found  is  the  Miocene.    These  evidences,  however,  are  con- 
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fessedly  meager,  and  by  all  careful  investigators  considered  unreliable. 
Some  flint-flakes  (Fig.  989),  so  rough  that  they  may  be  the  result  of 
physical  instead  of  intelligent  agencies  ;  some  bones  of  animals,  marked 
with  parallel  scratches,  as  if  scraped,  but  the  scratches  may  have  been 

produced  by  currents,  or, 
as  Lyell  thinks,  by  the 
teeth  of  Rodents  ;  some 
more  positive  evidences  of 
man's  agency,  but  in  strata 
of  doubtful  age,  or  else  tlie 
result  of  accidental  mix- 
ture not  contemporaneous 
with  the  deposit  itself — 
such  is,  in  brief,  the  evi- 
dence. The  Miocene  man 
is  not  acknowledged  by  a 
single  careful  geologist. 
Mortillet  thinks  that  there 
may  have  existed  in  Mio- 
cene times  a  tool-making 
animal,  but  not  true  man. 

Supposed  Pliocene  Man. 
— The  evidence  of  the  exist- 
ence of  man  in  Europe  dur- 
ing the  Pliocene  period  is,  if 
possible,  still  more  meager 
and  unreliable.  M.  Hamy 
thinks  he  has  found  un- 
doubted evidence  of  human 
agency  in  flint  implements 
in  Pliocene  strata  at  Savone; 
but  the  contemporaneous- 
ness of  the  flints  and  the  deposit  is  regarded  as  doubtful.  Again,  Pa- 
laBolithic  implements  have  been  found  in  Madras  in  strata  supposed  by 
Falconer  to  be  Pliocene ;  but  more  recent  investigations  make  the 
strata  Quaternary.*  Of  the  supposed  Pliocene  man  in  California  we 
will  speak  further  on.  Suffice  it  to  say  that  Dawkins,  summing  up 
the  evidence  in  1882,f  Boule  in  1888,J  and  Evans  in  1890,*  decide  that 
the  existence  of  Tertiary  man  is  yet  unproved. 

Quaternary  Man — Mammoth  Age. — But  of  the  existence  of  man  in 
Europe  and  America,  as  early  as  the  middle  of  the  Quaternary  period, 

*  American  Journal  of  Pciencc,  1875,  vol.  x,  p.  232. 

•|-  Nature,  vol.  xxvi,  p.  434.  |  Revue  d'Anthropologie,  vol.  iii,  p.  679. 

«  Nature,  vol.  xlii,  p.  008,  1890. 


Fir..  flSfl. — Flint  Flalccp  cnllcctctl  by  Abbe  Bourgeois  from 
Miocene  Strata  at  Thenay  (after  Gaudry). Natural  Bi.^e. 
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there  seems  to  be  abundant  evidence.  We  shall  select  only  a  few 
striking  examples : 

a.  In  River-Gravels. — In  the  terraces  of  the  river  Somme,  near 
Abbeville,  were  found,  nearly  forty  years  ago,  by  M.  Boucher  de 
Perthes,  chipped  flint  implements,  associated  with  bones  of  the  mam- 
moth, rhinoceros,  hippopotamus,  hyena,  horse,  etc.    The  doubts  with 


Fig.  990. — Section  across  Valley  of  the  Souune:  1,  i)eat,  twenty  to  thirly  feet  thick,  resting  on 
gravel,  a;  2,  lower-level  gravels,  with  elephant  bones  and  flint  imjjlements,  covered  willi  river- 
loam  twenty  to  forty  fee.  thick;  3,  upper  level  graveli?,  with  similar  fossils  covered  with  loam, 
in  all,  thirty  feet  thick;  4,  npland-ioam,  five  to  six  feet  thick;  6,  Eocene-Tertiary. 

which  the  first  announcement  of  these  facts  was  received  have  been 
entirely  removed  by  careful  examination  of  the  locality  by  many  scien- 
tists, both  of  France  and  .England. 

The  findings  were  in  undisturbed  gravels,  both  lower  (2)  and  upper 
(3),  beneath  river-loam  twenty  to  thirty  feet  thick.  Supposing  that 
the  upper  loam  (4)  represents  the  full  Champlaiu  flood-deposit,  then 
3  and  2  represent  the  later  Champlain  epoch. 

In  England,  also,  at  Hoxne,  similar  flint  implements,  associated 
■with  bones  of  extinct  animals,  were  found  in  strata  %mderlying  tlie 
higher-level  river-gravels,  but  overlying  the  boivlder-drift  or  true  gla- 
cial deposit.  This  fixes  the  age  as  Champlain.  Still  older  than  the 
high-level  river-gravels  are  the  plateau  gravels  of  Kent,  in  which  Prof. 
Prestwich  finds  extremely  rude  flints.  These  gravels  seem  to  belong 
to  the  earliest  Glacial,  if  not  earlier  still.  The  flints  are  probably  the 
oldest  undoubted  relics  of  man  yet  found.  Many  other  examples  of 
similar  findings  might  be  cited. 

b.  Bone-Caves — Engis  Skull. — In  the  caves  of  Belgium  and  Ger- 
many have  been  found  human  bones  associated  with  extinct  ani- 
mals. The  best  example  is  that  of  the  skull  found  in  a  cave  at  En- 
gis, on  the  banks  of  the  Meuse,  near  Liege.  Of  the  great  antiquity 
of  this  skull  there  seems  to  be  no  doubt.  It  was  found  in  bone 
breccia,  associated  with  bones  of  Quaternary  extinct  species  and 
living  species,  beneath  a  stalagmitic  crust.  Tliis  association  un- 
mistakably indicates  the  middle  or  latter  part  of  the  Quaternary 
period. 

Neanderthal  Skull. — In  a  cave  at  Neanderthal,  near  Dusseldorf,  was 
found  a  very  remarkable  human  skeleton,  which  has  greatly  excited  the 
interest  of  scientific  men.  The  limb-bones  are  large,  and  the  protuber- 
ances for  muscular  attachments  very  prominent ;  the  skull  very  thick, 
very  low  in  the  arch,  and  very  prominent  in  the  brows.  It  has  been 
supposed  by  some  to  be  an  intermediate  form  between  man  and  the 
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Fig.  991.— Engis  Skull,  reduced  (after  Lyell). 


ape;  but,  according  to  the  best  authority,  it  is  in  no  respect  inter- 
mediate, but  truly  human.  It  is  probably  tlie  skeleton  of  a  man  ex- 
ceptionally muscular  in  body  and  low  in  intelligence.  The  evidences 
of  antiquity  are  of  the  same  kind,  but  less  complete  than  in  the  case 

of  the  Engis  skull,  though  it 
probably  belongs  to  the  same  or, 
perhaps,  even  an  earlier  epoch. 
The  Engis  skull,  on  the  other 
hand,  is  a  ivell-sliaped  average  hu- 
man skull.  A  figure  of  the  En- 
gis skull  is  given  herewith  (Fig. 
991),  and  a  comparison  in  out- 
line of  the  Neanderthal  with  the 
ape  and  European  (Fig.  992). 

Eecently  there  have  been 
found  in  a  cave  at  Spy,  Belgi- 
um, two  nearly  complete  skele- 
tons, which  seem  to  be  of  the 
same  type  as  the  Neanderthal 
man,  and  with  the  latter  are  sup- 
posed to  belong  to  a  distinct  and 
very  early  race.  They  are  be- 
lieved to  have  been  men  of  short 
stature,  broad-shouldered,  bowed 
thighs,  slightly-bent  knees,  and 
semi- erect  posture,  but  neverthe- 
less distinctly  human.  The  skel- 
etons were  found  associated  with 
the  remains  of  all  the  characteristic  Quaternary  animals  and  imple- 
ments of  the  rudest  kind.  Their  age  was  either  Champlain  or  inter- 
glacial.* 

Mentone  Skeleton. — Several  years  ago  an  almost  perfect  skeleton 
of  a  Palseolithic  man  was  found  in  a  cave  at  Mentone,  near  Nice.  It 
is  that  of  a  tall,  well-formed  man,  with  average  or  more  than  average- 
sized  skull,  and  a  facial  angle  of  85°.  The  antiquity  of  this  man  is 
undoubted,  for  his  bones  are  associated  with  those  of  the  cave-lion, 
cave-bear,  rhinoceros,  reindeer,  together  with  living  species.  The  bones 
of  the  skeleton  are  all  in  place,  suiTounded  with  the  implements  of  the 
chase  (flint  implements),  and  the  spoils  of  the  chase,  viz.,  the  bones  of 
reindeer,  perforated  teeth  of  stag,  etc.  Of  the  latter,  twenty-two  lay 
about  his  head.  Those  are  supposed  to  have  been  worn  as  a  chaplet. 
This  Quaternary  man  seems  to  have  laid  himself  down  quietly  in  his 


Fig.  993.— Comparison  of  Forms  of  Skulls:  a, 
European  ;  b,  the  Neanderthal  man  ;  c,  a 
chimpanzee  (after  Lyeil). 


Nature,  vol.  xxxv,  p.  664,  1887. 
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cave-home  and  died,  and  Nature  covered  his  grave  with  a  tablet  of 
stalagmite.* 

All  these,  and  many  more  which  might  be  mentioned,  belong  to 
the  early  Palceolithic,  although  the  last  is  probably  a  transition  to  the 
next  or  Eeindeer  age.  They  were  contemporaneous  with  the  mam- 
moth, the  rhinoceros,  the  hippopotamus,  the  cave-bear,  the  cave-lion, 
the  cave-hyena,  and  other  extinct  animals ;  but  the  reindeer  had  not 
yet,  to  any  extent,  invaded  Middle  Europe  from  the  north.  They 
seem  to  have  been  savages  of  the  lowest  type,  living  by  hunting  and 
dwelling  in  caves,  and  their  implements  were  of  the  rudest  kind.  There 
is  no  evidence  of  agriculture  or  of  domestic  animals.  In  many  cases 
there  have  been  found  some  anatomical  characters  of  a  low  or  animal 
type,  such  as  flattened  shin-bones,  very  prominent  occipital  p)rotuber- 
ance,  less  than  usual  separation  between  the  temporal  ridges,  large 
size  of  the  wisdom  teeth,  and,  in  the  case  of  the  Neanderthal  race,  a 
very  low  arch  of  the  skull,  and  bent  knees,  etc.  But  all  these  charac- 
ters, unless  we  except  the  last  two,  are  found  now  in  some  savage  races, 
either  as  racial  or  as  individual  peculiarities.    The  earliest  men  yet 

found  are  in  no  sense  connecting  links  between 
man  and  ape.    They  are  distinctively  human. 
Reindeer  Age  or  Later  Palseolithic. — During 
this  age  man  was  still  associated  in  Middle 
Europe  with  Quaternary  animals,  but 
also  now  with  arctic  animals,  es- 
pecially the  reindeer.  It 


^  probably  corresponds 

with  the  Ter- 
race or  per- 
haps Second 
Glacial  epoch. 
The  imple- 

FiG.  nn3.— A  Section  of  the  Anrignnc  Cave:  a,  vault  in  which  remains  of  seven-  fc  wprp 

teen  human  skeletons  were  found;  b.  made  ground,  two  feet  thick,  in  "'^"i-o  >vcic 
which  human  bones  and  entire  hones  of  extinct  and  living  mammals,  and  ofjll  ohinnpd 
works  of  art,  were  imhedded;  c.  layer  of  ashes  and  charcoal,  eight  inches  °  ^  ^F^^'' 
thick,  with  broken,  burnt,  and  gnawed  bones  of  extinct  and  living  mam-  mucll 
nials,  also  heartli-stones  and  worlis  of  art;  d.  deposit  with  similar  contents; 
e,  talus  washed  down  from  hill  above;  /  f/,  slab  of  stone  which  closed  the  more  Ueatlv. 
vault;  / i,  rabbit-burrow,  which  led  to  discovery.  ■' ' 

Auriguac 

Cave. — This  sepulchral  cave  and  its  rich  contents  were  accidentally 
discovered  by  a  French  peasant.  Fig.  993  is  a  diagram  section  of 
the  cave,  taken  from  Lyell. 

On  removing  the  talus,  e,  a  slab  of  rock,///,  was  exposed,  covering 
the  mouth  of  the  cave,  a.    In  this  cave  were  found  seventeen  human 

*  Recent  findings  throw  sorae  donbt  on  the  Palteolithic  age  of  the  Mentone  man.  He 
may  have  been  an  early  Neolithic  man  buried  in  Palucolithio  ground.  Several  other  skele- 
tons have  been  recently  found  in  the  same  locality. — Nature,  vol.  xlix,  p.  42,  1893. 
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skeletons  of  both  sexes  and  of  all  sizes,  together  with  entire  bones  of 
extinct  animals  and  works  of  art.  Outside  of  the  cave  was  found  a 
deposit,  c  and  c?,  consisting  of  ashes  and  cinders,  mingled  with  burnt 
and  split  and  gnawed  bones  of  recent  and  extinct  animals,  and  works 
of  art.  The  conclusion  reached  by  M.  Lartet  is,  that  this  was  a  family 
or  tribal  burial-place ;  that  in  the  cave  along  with  the  bodies  were 
placed  funereal  gifts  in  the  form  of  trinkets  and  food;  and  that  tlie 
funereal  feast  was  cooked  and  eaten  on  the  level  space  in  front  of  the 
cave ;  and,  finally,  that  carnivorous  beasts  gnawed  the  bones  left  on  the 
spot.  It  is  evident  that  the  Aurignac  men  j)racticed  religious  rites 
which  indicated  a  belief  in  immortality. 

The  following  is  a  list  of  the  animals  the  remains  of  which  were 
found  in  and  about  the  cave ;  those  marked  f  are  either  wholly  extinct 
or  extinct  in  this  locality  : 


FAUNA.  OF  AU1UGNA.C  CAVE. 


0ABNIV0EK8. 


f  Cave-bear   5  or  6 

Brown  bear   1 

Badger   1  or  2 

Polecat   1 

fCave-lion   1 

Wild-cat   1 

fCave-hycna   6-6 

Wolf   3 

Fox  18-20 


nr.EBlVOEES. 


f  Mammoth   2  molars. 

■fRhinoceros   1 

fHorse  12-15 

fAss   1 

Hog   1 

Stag   1 

f Irish  elk   1 

Roebuck   3-4 

f  Reindeer  10-12 

f  Aurochs  12-15 


Perigord  Caves. — In  Southwestern  France,  along  the  course  of  the 
river  Vezere,  are  found  many  caves  in  which  are  preserved  interesting 


Fig.  994.— Drawing  of  a  Mammoth  by  Conteinpoiaiieoiis  Man. 


relics  of  man  ranging  from  early  to  late  Palj«olithic.  The  Palajolithic 
Aquitauians  seem  to  have  been  somewhat  more  advanced,  and  of  a  more 
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peaceful  temper,  than  the  cai-ly  Pali-eolithic  men  already  described.  Al- 
tliough  there  is  no  evidence  of  agriculture,  they  lived  by  fisMng  as  well 
as  by  hunting.  This  is  shown  by  the  number  of  fishing-hooks  of  bone 
found  there.  They  seemed  also  to  have  had  a  taste  and  some  skill  in 
drawing,  for  they  have  left  some  drawings  of  contemporaneous  but  now 
extinct  animals,  especially  the  mammoth,  the  reindeer,  and  the  horse, 
rig.  994  is  a  piece  of  reindeer-horn  on  which  is  a  rude  etching  of  the 
mammoth. 

Conclusions. — It  seems  evident  that  in  EurojJe  the  earliest  men  were 
contemporaneous  with  a  large  number  of  now  extinct  animals,  and  were 
a  principal  agent  in  their  extinction ;  that  they  saw  the  flooded  rivers 
of  the  Champlain  epoch,  and  the  great  glaciers  of  the  Second  Glacial 
epoch ;  hut  there  is  no  reliable  evidence  yet  of  their  existence  before 
the  First  Glacial  epoch. 

Neolithic  Man;  Refuse- Heaps ;  Shell- Mounds ;  Kitchen- Middens. 

In  Northern  Europe,  especially  in  Denmark,  are  found  shell- 
mounds  of  great  size,  1,000  feet  long,  200  feet  wide,  and  ten  feet  high. 
They  are  probably  the  accumulated  refuse  of  annual  tribal  feasts.  The 
early  races  of  men  in  all  countries  seem  to  have  had  the  custom  of 
gathering  in  large  numbers  at  stated  intervals,  and  feasting  on  shell-fish 
and  other  animals,  and  leaving  their  remains  in  large  heaps  to  mark 
the  spot  of  assembly.  The  evidences  of  a  very  marked  advance  are 
found  in  these  heaps.  The  implements  are  many  of  them  carefully 
shaped  or  else  polished  by  rubbing.  There  are  no  longer  any  remains 
of  extinct  animals,  but  only  of  living  aniinals ;  and  there  are  now  found 
remains  of  at  least  one  domestic  animal,  viz.,  tlie  dog,  though  not  yet 
any  evidence  of  agriculture.  We  have  evidence  also  at  this  time  of 
organized  communities. 

Transition  to  the  Bronze  Age — Lake-Dwellings. — In  the  Swiss, 
Austrian,  and  Hungarian  lakes  are  found  abundant  evidences  of  a  more 
advanced  race  than  any  yet  mentioned,  which  had  the  singular  custom 
of  dwelling  in  houses  constructed  on  piles  in  the  lakes,  and  connected 
with  the  land  by  means  of  piers  or  bridges.  Similar  lake-dwellings  are 
found  noiu  in  New  Guinea  and  in  South  America,  and  very  recently, 
by  Lieutenant  Cameron,  in  Africa.*  By  means  of  dredging,  a  great 
number  and  variety  of  implements  of  polished  stone  and  of  bronze  have 
been  obtained.  Some  of  these  were  evidently  used  for  ornament,  some 
for  domestic  purposes,  some  for  agriculture;  some  were  weapons  of 
war,  some  fishing-tackle.  Many  of  these  are  wrought  with  great  skill 
and  taste.  Domestic  animals — ox,  sheep,  goat,  and  dog ;  cereal  grains 
— wheat  and  barley ;  fruits — wild  apples,  blackberry,  etc. ;  coarse 


*  Nature,  vol.  xiii,  p.  202,  January,  1876. 
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cloth,  not  woven  but  plaited— have  also  been  found.  In  a  word,  we 
have  here  all  the  evidences  of  communities  far  above  the  state  of  sav- 
agism. 

From  this  time  the  history  of  man  may  be  traced,  by  means  of  his 
remains,  through  the  time  of  Megalithic  structures,  through  the  Ko- 


FiG.  995.— Lake-DwellingB,  restored  (after  Mortillet). 


man  age,  step  by  step,  to  the  present  time.  But  this  belongs  to  the 
archaeologist,  not  the  geologist.  The  Neolithic  may  be  regarded  as 
the  beginning  of  the  Psychozoic  era — the  connecting  link  between 
geology  and  archaeology.  The  Bronze  age  and  all  that  follows  it  belong 
clearly  to  archaeology. 

Primeval  Man  in  America. 

Supposed  Pliocene  Man— Calaveras  Skull. — Several  cases  are  re- 
ported of  human  bones  and  works  of  art  having  been  found  in  the 
sub-lava  drift  described  on  page  627.  These  cases  are  none  of  them 
thoroughly  well  attested,  though  the  evidence  is  such  as  to  make  us 
suspend  our  judgment.  The  best  attested  cases  are  the  Calaveras  skull 
mentioned  by  Whitney,  and  the  Table  Mountain  skull  reported  by 
C.  F.  Winslow.  Besides  these  there  are  several  cases  reported  of  mor- 
tars and  pestles  found  in  the  sub-lava  deposit.  Many  claim  these  as 
evidence  of  the  existence  of  man  in  a  somewhat  advanced  stage  of 
progress  (at  least  as  much  so  as  the  Neolithic  man  of  Europe),  on  the 
Pacific  coast,  during  the  Pliocene  period.  The  doubts  in  regard  to 
this  extreme  antiquity  of  man  are  of  four  kinds,  viz. :  1.  Doubts  as 
to  the  Pliocene  age  of  the  gravels — they  may  be  early  Quaternary.  2. 
Doubts  as  to  the  authenticity  of  the  finds,  no  scientist  liaving  seen  any 
of  them  in  sif,n.  3.  Doubts  as  to  the  undisturbed  condition  of  the 
gravels,  for  auriferous  gravels  are  especially  liable  to  disturbance,  and 


PRIMEVAL  MAN  IN  AMERICA. 


641 


I 


I 


I 


therefore  may  have  been  disturbed  by  native  races  before  the  arrival  of 
the  white  man.  4.  The  character  of  the  implements  said  to  have  been 
found  gives  peculiar  emphasis  to  this  last  doubt,  for  they  are  not 
Palmolithic,  but  Neolithic. 

In  any  case,  and  whatever  be  the  geological  age  of  the  sub-lava 
drift,  if  man  should  be  undoubtedly  found 
there,  it  would  show  an  immense  antiquity ; 
for,  since  the  lava-flow,  canons  have  been  cut 
by  the  present  rivers  3,000  or  3,000  feet  deep 
in  solid  slate-rock. 

Carson  Footprints. — In  1882  scientific  at- 
tention was  first  drawn  to  certain  remarkable 
tracks,  resembling  those  of  gigantic  men,  in 
the  sandstone-quarry  near  Carson,  Nevada. 
The  floor  of  the  quarry  (which  constitutes 
the  yard  of  the  State  Prison)  is  a  level  area 
of  about  two  acres.  The  whole  surface  of 
this  area  is  covered  with  the  tracks  of  many 
kinds  of  animals.  The  depth  of  the  tracks 
shows  that  the  material  was  soft  mud  at  the 
time  the  tracks  were  made. ,  The  most  re- 
markable are  undoubted  tracks  of  elephants 
(mammoth)  and  especially  certain  strangely 
man  -  like  tracks  of  enormous  size.  These 
were  eighteen  to  twenty  inches  long  and  eight  inches  wide.  The  stride 
was  about  a  yard,  and  the  distance  between  right  and  left  series  was 
nineteen  inches. 

There  has  been  much  discussion  as  to  the  nature  of  these  tracks. 

Some  think  that  they 
are  human,  and  ac- 
count for  their  great 
size  by  supposing  that 
the  men  wore  large 
sandals.  Others  think 
that  they  are  the 
tracks  of  a  large 
ground-sloth  such  as 
the  mylodon,  which  is 
known  to  have  lived 
on  the  Pacific  coast 
in  Quaternary  times.* 
Both  in  size  and  shape  they  are  certainly  much  like  the  hind-foot  of  the 


Fig.  996.— Two  Series  of  Tracks 
in  Carson  Prison-yard. 


Fig.  997.— Left  hind-foot  of  Mylodon  robustus,  x  J  (after  Owen). 


•Am.  Journ.  Sci.,  vol.  xxvi,  p.  139,  Aug.,  1883. 
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mylodon  (Fig.  997).  But  if  made  by  a  quadruped,  the  larger  hind-foot 
must  have  obliterated  the  impressiou  of  the  fore-foot,  for  there  are  ap- 
parently but  two  series  of  tracks ;  and  the  feet  must  liave  been  clogged 
with  mud,  for  no  impression  of  toes  is  seen.  It  is  significant,  however, 
that  the  elephant-tracks,  also,  formed  but  two  series. 

The  weight  of  evidence  is  probably  in  favor  of  the  mylodon,  but  in 
any  case  there  seems  no  reason  to  believe  the  age  of  the  strata  to  be 
earlier  than  the  Quaternary.  The  only  reason  for  assigning  them  to 
an  earlier  period  (Pliocene)  is  their  lithified  condition.  But  the  pres- 
ence in  the  quarry  of  hot  springs,  containing  abundance  of  lime-car- 
bonate, sufficiently  accounts  for  this. 

Quaternary  Man. — Leaving  out  all  doubtful  cases,  the  first  appear- 
ance of  man  in  America  seems  to  have  been  about  the  same  time  as 
or,  perhaps,  a  little  later  than  in  Europe.  On  the  Pacific  coast  his 
implements  are  found  in  great  abundance  in  river-gravels,  associated 
with  remains  of  the  mammoth,  the  great  mastodon,  and  the  horse. 
On  the  eastern  part  of  the  continent,  also,  the  existence  of  man  before 
the  ice-sheet  had  disappeared  from  the  United  States,  is  almost  cer- 
tain, A  good  example  of  this  is  found  in  the  discovery  by  Miss  Bab- 
bitt, at  Little  Falls,  Minnesota,  of  rude  flint  implements  in  deposits, 
which  were  formed  during  the  final  retreat  of  the  ice-sheet  from  that 
region.*  Another  good  example  is  the  discovery  by  Abbott,  in  gravels 
near  Trenton,  New  Jersey,  of  rude  flint  implements,  similar  to  Paleo- 
lithic implements 
everywhere.  The 
gravels  are  ac- 
knowledged to 
have  been  formed 
during  the  retreat 
of  the  ice-sheet 
from  ISTew  Jersey. 
We  give  here  a  fig- 
ure of  one  of  these 
flints  (Fig.  998). 
Still  more  recent- 
ly human  imple- 
ments have  been 
found  in  Ohio, 
under  conditions  which  seem  to  prove  that  man  lived  there  while  the 
northern  part  of  the  Mississippi  Valley  was  still  ice-sheefed  (Wright). 
And  still  more  recently,  (1895)  another  finding  of  a  rude  flint  in  un- 


Fio.  998.— Palseolilh  found  by  Abbott  in  New  Jersey,  slightly  reduced 
(after  Wright). 


*  American  Naturalist,  vol.  xviii,  pp.  694,  697,  1884;  and  Wright's  Ice  Age,  p.  538 
et  seq. 
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disturbed  glacial  gravel,  near  Steubenville,  Ohio,  leaves  little  doubt  that 
man  lived  in  Ohio  during  the  retreat  of  the  ice-sheet.  It  must  be  said,- 
however,  that  doubt  has  been  cast  on  all  these  cases  by  competent  ob- 
servers. 

There  seems  to  be  little  doubt,  therefore,  that  in  America,  as  in 
Europe,  man  saw  the  retreating  ice-sheet  and  the  flooded  lakes  and 
rivers  of  the  Champlain  times. 

The  history  of  the  American  man  can  be  traced  onward  in  refuse- 
heaps  and  shell-mounds ;  in  the  great  mounds  of  the  so-called  mound- 
builders,  scattered  over  the  whole  Eastern  part  of  the  continent,  but 
especially  abundant  in  the  valley  of  the  Mississippi ;  and,  finally,  in  the 
wonderful  cliff-dwellings  and  buried  cities  of  New  Mexico  and  Arizona. 
But  all  this,  though  of  extreme  interest,  belongs  to  archaeology  rather 
than  geology. 

Quaternary  Man  in  Other  Countries. — In  India*  Palfeolithic  imple- 
ments, precisely  like  those  found  in  Europe  and  elsewhere,  were  found, 
in  1873,  associated  with  extinct  species  of  elephant,  hippopotamus, 
rhinoceros,  and  bear,  in  Quaternary  deposits.  In  the  South  American 
bone-caverns  human  remains  have  been  found  associated  with  Quater- 
nary animals. 

Very  recently  (1895)  there  comes  the  news  of  the  finding  in  Java, 
in  deposits  of  earliest  Quaternary  or  late  Pliocene  age,  of  a  supposed 


Fio.  999.— Restoration  of  the  Skull  of  Pithecanthropus  erectus,  x  f  (after  Du  Bois). 


veritable  missing  link — i.  e.,  of  an  anthropoid,  more  man-like  than  any 
yet  known.   It  has  been  made  by  its  finder — Du  Bois — into  a  new  genus 


American  Journal  of  Science,  1875,  vol.  x,  p.  232, 
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and  called  Pithecanthropus  (man-ape)  erectus.  The  skull  and  the 
teeth  of  this  creature  are  far  lower  and  more  ape-like  than  those  of 
any  supposed  man  yet  found,  but  the  thigh-bone  shows  undoubted 


Fig.  1000.— Profile  outlines  of  the  Skull  of  Pithecanthropus  (Pe)  compared  with  those  of  a  Papuan 
man,  the  man  of  Spy,  Neanderthal  man  {N't),  Hylobates  (HI),  Semnopithecus  and  An- 

thropopithecus  (.Al)  (from  a  tigure  by  Du  Bois,  modified  by  Marsh). 


erect  attitude.  Judging  from  the  skull  and  teeth  it  is  certainly  inter- 
mediate between  ape  and  man,  but  on  which  side  of  the  dividing  line 
it  should  be  assigned  is  still  doubtful.  In  Fig.  999  we  give  a  restora- 
tion of  the  skull  of  this  animal,  and  in  Fig.  1000  outlines  of  the  vault 
of  the  skulls  of  modern  man,  Palreolithic  man,  Pithecanthrojnis^  and 
several  apes. 

Man,  therefore,  has  been  traced  back  with  certainty  to  the  Cham- 
plain  and  even  to  the  interglacial  epoch.  It  is  possible  that  he  may  be 
hereafter  traced  farther  to  the  Glacial  or  pre-Glacial  period.  Some 
confidently  expect  that  he  will  be  traced  to  the  Miocene,  but  this  seems 
extremely  improbable,  for  the  following  reasons : 

a.  He  has  been  diligently  searched  for,  without  success.  Now, 
while  negative  evidence  is  rightly  regarded  as  of  little  value  in  geology, 
yet,  in  this  instance,  it  is  undoubtedly  of  far  more  than  usual  value,  be- 
cause man's  works  are  far  more  numerous  and  far  more  imperishable 
than  his  io7ies. 

b.  Man  probably  came  in  ivith  the  present  mainmalian  fauna.  We 
repeat  here  the  diagram  illustrating  the  law  of  extinction  and  appear- 
ance of  species  (Fig.  1001).    It  is  seen  that  lower  species  arc  far  less 
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rapidly  changed  than  higlier.  Living  foraminifers  may  be  traced  back 
into  the  Oretacooiis ;  living  shells  and  other  invertebrates  to  the  begin- 
ning of  the  Tertiary  :  but  living  mammals  pass  out  rapidly  and  disap- 
pear in  the  Middle  Quaternary.    Not  a  single  species  of  mammal  now 
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living  is  found  in  the  Tertiary.  Shall  man,  the  highest  of  all,  be  the 
only  exception?  Man  is  one  of  the  present  mammalian  fauna,  and 
came  in  with  it. 

c.  But,  again,  many  distinct  mammalian  faunas  have  appeared  and 
disappeared  since  the  beginning  of  the  Miocene.  The  Miocene  mam- 
malian fauna  is  totally  different  from  the  Eocene ;  the  Pliocene  totally 
different  from  the  Miocene ;  the  Quaternary  from  the  Pliocene ;  and 
the  present  from  the  Quaternary.  This  is  graphically  represented  in 
the  diagram.  Fig.  1002,  in  which  the  alternate  shaded  and  white  spaces 
represent  five  consecutive  mammalian  faunas  (there  are  really  many 
more  than  five)  overlapping  each  other,  but  substantially  distinct.  It 
seems  in  the  highest  degree  improbable  that  man,  a  mammal,  should 
survive  the  appearance  and  disappearance  of  several  mammalian  faunas. 

Or,  again,  to  put  it  still  another  way :  We  have  seen  (p.  561,  Fig. 
935)  that,  speaking  generally,  existing  mammalian  species  commenced 
to  be  introduced  in  the  Quaternary ;  existing  genera  in  the  Pliocene ; 
and  existing  families  in  the  Miocene.  If,  therefore,  a  tool-making 
animal  should  be  found  in  the  Miocene,  as  some  believe,  it  might  be  of 


the  family  of  Ilonii- 
niclce^  but  not  the  ge- 
nus homo.  If  such 
should  be  found  in 
the  Pliocene,  it  might 
be  of  the  genus  homo., 
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but    not   the    species     Fig.  1002.— Diaf;ram  illustratin-j:  llu-  Appciinnu-c:  mid  Extinction 
-r,  ,  ,  of  Successive  Mainnialiau  Faunie. 

sapiens.     Even  the 

earliest  Quaternary  man — the  so-called  Neanderthal  race — is  supposed 
by  Mortillet  to  have  been  a  different  species  from  existing  man. 

Time  since  man  appeared.— Geology  reckons  her  time  in  periods, 
epochs,  etc. ;  History  hers  in  years.    It  is  impossible  to  express  the 
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one  chronology  in  terms  of  the  other  except  in  a  very  rough  approxi- 
mative way,  for  want  of  a  reliable  common  measure.  If  Mr,  Croll's 
theory  of  glacial  cold  should  indeed  prove  true,  then  we  might  hope  to 
measure  man's  time  on  the  earth  with  some  degree  of  accuracy.  But 
in  the  absence  of  confidence  in  this  theory,  our  only  resource  is  to  use 
the  measure  which  we  have  already  used  on  several  occasions,  viz.,  the 
effects  of  causes  now  in  operation.  This  measure,  however,  can  give 
but  very  rough  approximate  results. 

There  is  no  doubt  that  very  great  changes,  both  in  physical  geog- 
raphy and  in  the  mammalian  fauna,  have  taken  place  since  man  ap- 
peared. Judging  by  the  rate  of  changes  still  in  progress,  we  are  natu- 
rally led  to  a  conviction  of  a  lapse  of  time  very  great  in  comparison 
with  that  recorded  in  history.  On  the  other  hand,  some  attempts  to 
estimate  more  accurately  by  means  of  the  growth  of  deltas  in  which 
have  been  found  implements  of  the  Roman  age,  the  Bronze  age,  and 
the  Stone  age ;  and  by  the  progressive  erosion  of  lake-shores  and  the 
recession  of  waterfalls,  which  is  supposed  to  have  commenced  after  the 
Champlain  epoch,  have  led  to  very  moderate  results,  viz.,  7,000  to  10,- 
000  years.  While  these  results  can  not  be  received  with  any  confidence, 
yet  it  is  hoped  that  many  such  will  continue  to  be  made. 

In  conclusion,  we  may  say  that  we  have  as  yet  no  certain  knowledge 
of  man's  time  on  the  earth,  unless  we  adopt  Croll's  theory  of  the  Gla- 
cial climate.    It  may  be  100,000  years,  or  it  may  be  only  10,000  years. 

II. — Character  of  Primeval  Man. 

In  regard  to  the  second  question,  viz.,  the  character  of  primeval 
man,  we  will  make  but  one  remark.  We  have  seen  that  the  earliest 
men  yet  discovered  in  Europe  or  America,  though  low  in  the  scale  of 
civilization,  were  distinctively  human,  and  not  in  any  sense  an  inter- 
mediate link  between  man  and  the  ape.  Nevertheless,  we  must  not 
forget  that  the  cradle  of  mankind  was  probably  in  Asia.  Man  came  to 
Europe  and  America  by  migration.  The  intermediate  link,  if  there 
be  any  such,  must  be  looked  for  in  Asia,  and  more  probably  in  southern 
Asia;  and  there,  indeed,  such  a  link  is  supposed  to  have  been  found  in 
Pithecanthropus.  This  question  can  only  be  settled  by  a  complete 
knowledge  of  the  Quaternary  of  that  country. 

In  any  case,  man  is  the  ruler  only  of  the  Psychozoic  era.  The 
presence  of  man  in  Quaternary  times  must  be  regarded  as  an  example 
under  the  law  of  anticipation  (p.  291).  He  only  fairly  established  his 
supremacy  in  the  Recent  epoch,  and  therefore  the  age  of  man  and  the 
Psychozoic  era  ought  to  date  from  that  time. 
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